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Lanthanide-doped upconversion nanoparticles (UCNPs) are an emerging class of 
luminescent materials that emit UV or visible light under near infra-red (NIR) 
excitations, thereby possessing a large anti-Stokes shift property. Also considering 
their sharp emission bands, excellent photo- and chemical stability, and almost zero 
auto-fluorescence of their NIR excitation, UCNPs are advantageous for optical 
encoding. Fabricating core-shell structured UCNPs provides a promising strategy 
to tune and enhance their upconverting luminescence. However, the energy transfer 
between core and shell had been rarely studied. Moreover, this strategy had been 
limited by the difficulty of coating thick shells onto the large cores of UCNPs. To 
overcome these constraints, the overall aim of this project is to study the inter-layers 
energy transfer in core-shell UCNPs and to develop an approach for coating thicker 
shell onto the core UCNPs, in order to fabricate UCNPs with enhanced and tunable 
luminescence for optical encoding. The strategy for encapsulating UCNPs into 
hydrogel droplet to fabricate multi-color bead barcodes has also been developed. 
Firstly, to study the inter-layers energy transfer between the core and shell of core-
shell UCNPs, the activator and sensitizer ions were separately doped in the core or 
shell by fabricating NaYF4:Er@NaYF4:Yb and NaYF4:Yb@NaYF4:Er UCNPs. 
This eliminated the intra-layer energy transfer, resulting in a luminescence that is 
solely based on the energy transfer between layers, which facilitated the study of 
inter-layers energy transfer. The results demonstrated that the 
NaYF4:Yb@NaYF4:Er structure, with sensitizer ions doped in the core, was 
preferable because of the strong luminescence, through minimizing the cross-
XI 
 
relaxations between Er3+ and Yb3+ and the surface quenching. Based on these 
information, a strategy of enhancing and tuning upconversion luminescence of 
core-shell UCNPs by accumulating sensitizer in the core has been developed. 
Next, a strategy of coating a thick shell by lutetium doping has been developed. 
With a smaller ion radius compared to Y3+, when Lu3+ partially replace Y3+ in the 
NaYF4 UCNPs during nanoparticle synthesis, nucleation process is suppressed and 
the growth process is promoted, which are favorable for increasing the nanoparticle 
size and coating a thicker shell onto the core UCNPs. Through the rational doping 
of Lu3+, core UCNPs with bigger sizes and enhanced luminescence were produced. 
Using NaLuF4 as the shell material, shells with tremendous thickness were coated 
onto core UCNPs, with the shell/core ratio of up to 10:1. This led to the fabrication 
of multi-color UCNPs with well-designed core-shell structures with multiple layers 
and controllable thicknesses. 
Finally, a strategy of encapsulating these UCNPs to produce optically encoded 
micro-beads through high-throughput microfluidics has been developed. The 
hydrophobic UCNPs were first modified with Pluronic F127 to render them 
hydrophilic and uniformly distributed in the poly (ethylene glycol) diacrylate 
(PEGDA) hydrogel precursor. Droplets of the hydrogel precursor were formed in a 
microfluidic device and cross-linked into micro-beads under UV irradiation. 
Through encapsulation of multi-color UCNPs and by controlling their ratio, 
optically encoded multi-color micro-beads have been easily fabricated. These 
multi-color UCNPs and micro-bead barcodes have great potential for use in 
multiplexed bioimaging and detection. 
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CHAPTER 1. INTRODUCTION 
Lanthanide-doped upconversion nanoparticles (UCNPs) are an emerging class of 
lanthanides doped luminescent materials that emit UV or visible light under near 
infra-red (NIR) excitations. This unique photon-upconverting property 
differentiates them from the conventional downconversion fluorophores, such as 
fluorescent dyes/proteins and quantum dots (QDs), which emit visible lights under 
excitation of ultraviolet (UV) or short-wavelength visible light. The schematic 
comparing the mechanism of the downconversion and upconversion is shown in 
Figure 1.1. In downconversion fluorophores, when the material absorbs a higher 
energy photon, an electron will be excited to a high energy level, due to some non-
radiative energy loss, the electron transits to a lower energy level, so when the 
electron transits back to the original energy level, the emitting photon will have a 
lower energy than the excitation photon, thus converting blue or ultraviolet (UV) 
light into visible light. While in upconversion materials, two excitation photons will 
be absorbed to excite the same electron, therefore the energy difference between 
the destination energy level and the original energy level will be two times of the 
energy of the excitation photon, thus eventually resulting in the emitting photon 
possessing higher energy than the excitation photons. In this way, upconversion 
materials convert near-infra red (NIR) light into visible light. Generally, 
upconversion could be divided into three mechanisms. The first mechanism, which 
often occurs in the conventional two-photon excited organic dyes or QDs, is two 
photon absorption (TPA) upconversion. In these materials, there is no metastable 




requiring absorption of two photons simultaneously, which can only be achievable 
with excitation by pulse lasers with high energy density. Excited-state absorption 
(ESA) and energy-transfer upconversion (ETU) take advantage of the metastable 
intermediary excited states, providing a ladder for the electron after excited by the 
first photon, thus increasing the chance to be excited by the continuous photons. As 
a consequence, the efficiency for upconversion is much higher than that for TPA 
process at low excitation intensities. Especially in the ETU process, sensitizer ions 
are introduced into the materials to absorb excitation energy and transfer these 
energy to activator ions. The sensitizer acts as an energy pump, which significantly 
increases the efficiency of absorption of the excitation energy, and therefore 
increases the upconversion fluorescence. 
NaYF4: Yb, Er/Tm upconversion nanoparticles (UCNPs) is such a kind of 
upconversion material, where the NaYF4 nanocrystal is doped with lanthanides ions 
such as Yb3+, Er3+ and Tm3+, utilizing the energy-transfer upconversion mechanism 
and being regarded as the most efficient upconversion nanocrystal, due to the low 
 
Figure 1.1 Schematic of downconversion, two photon absorption (TPA) 





phonon energy of the NaYF4 host matrix.1 Yb3+ is the most widely used sensitizer 
ions for upconversion, considering its high absorption coefficient as well as the 
well-matched energy gap between 2F7/2 and 2F5/2 to the energy of 980 nm photons. 
These advantages of Yb3+ enable the usage of 980nm continuous wave laser as the 
excitation light source, which is less powerful, less costly and safer compared to 
pulse lasers. Yb3+ absorbs the excitation energy, and subsequently through non-
radiative energy transfer, two Yb3+ ions transfer the energy to Er3+. As a 
consequence, an electron in Er3+ will be sequentially excited twice from 4I15/2 to 
higher energy levels. A visible photon will be emitted when this electron transits 
back to 4I15/2. In this way, NaYF4: Yb, Er UCNPs emits one high energy photon by 
absorbing two or more low energy photons and eventually convert NIR light into 
visible light (Figure 1.2). 
The last decade witnessed remarkable developments in UCNPs, throughout the 
preparation strategies, theoretical studies, and the applications. The achievements 
in preparation methods have enabled the controlled synthesis of UCNPs with 
 






uniform size and core-shell structures. Several surface modifications, including 
SiO2, TiO2, polymer coating and biomolecules grafting, have rendered UCNPs 
more biocompatible and functionalized. The theoretical studies have helped to 
reveal the underlying mechanism of upconversion, and guided the way to tailor the 
properties of UCNPs, including enhancing the luminescence and tuning the 
emissions and excitations. The researches on the applications of UCNPs, have 
revealed their unique advantages in the developing of solar cells and especially in 
the biological applications, such as photodynamic therapy, photo-activations, bio-
labelling and bio-detections. 
Taking advantage of upconversion, UCNPs overcome some of the drawbacks of 
downconversion fluorophores in biological applications.2-6 The use of NIR light for 
excitation makes it possible to get high signal-to-noise ratios when using UCNPs 
for imaging and cell labeling, due to the fact that most biomolecules do not possess 
the upconverting property. Moreover, these unique nanoparticles allow 
visualization and photoactivation to significant depths of a few hundred 
micrometers through the intact skin, due to the transparency of NIR window in 
biological tissue. In addition, NIR excitation light is harmless to biomolecules at 
recommended doses, thus preventing photo-damage. UCNPs possess exceptional 
photostability inherently, making it stable and accurate for long term bio-imaging, 
bio-labeling and bio-detections. 
However, compared to the theoretical quantum yield of up to 50% (considering that 
the upconversion materials emit one photon by absorbing two photons), the current 




yield of the most efficient upconversion material, bulk NaYF4:Yb,Er, is about 
3%.7,8 Due to the bigger surface to volume ratio, which introduces more crystal 
defects, the quantum yield of the NaYF4:Yb,Er UCNPs is even lower at about 
0.3%.7-9 Moreover, since the wavelength of the emission light in UCNPs is 
determined by electron transitions between the 4f orbits in lanthanides ions, which 
is shielded by the outer occupied 5s and 5p orbits thus influenced little by the 
surrounding circumstances, the objective of tuning their fluorescence has to be 
achieved by tuning the activator ions in these materials rather than changing the 
circumstance around the ions. However, considering the matching of energy levels 
to effectively transfer energy from sensitizers to activators, and due to the possible 
cross-relaxations between ions, introducing new activators is not always feasible,10 
making it still a challenge to tune the fluorescence. This limits the UCNPs in 
multiplex detections due to the lack of specific peaks in UCNPs. Another hurdle for 
UCNPs in bioapplications is their biofunctionalization. Hydrophobic synthesized 
UCNPs have to be surface modified with hydrophilic and biocompatible materials 
before they can be transferred into aqueous environment to conjugate with bio-
functional groups. However, the methods of effective surface modification are still 
limited. Moreover, the scheme to use biofunctionalized UCNPs in bioapplications, 
such as biodetection, phototherapy and bioimaging, has to be elaborately designed. 
Considering these unmet needs, we aimed to find out strategies to enhance the 
luminescence and tune the emissions of UCNPs and use these UCNPs to develop 
upconversion optical encoding strategies, which could be used for multiplex 
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CHAPTER 2. LITERATURE REVIEW 
Rapid development in the fields of medical diagnosis,1-4 environments technology5 
and combinational chemistry6 creates a burgeoning need to encode and identify 
multiple analytes such as proteins, antibodies and other probe molecules from 
complex samples. Encoding of such analytes requires codes with specific optical, 
chemical, electronic, or physical properties that are easy to identify and quantify. 
Amongst these, optical encoding is the most commonly used, given its abundant 
code library as well as well-established decoding procedures.7-9 Theoretically, the 
number of codes that can be generated from N levels of M elements is C=NM-1 
(with the subtraction by one being used to account for the fact that the code of all 
“0” levels cannot be differentiated from the background level). In optical encoding, 
for instance, using 10 different intensity levels at 5 different emission wavelengths 
would generate 99999 unique codes. In practice, this code capacity is usually lower, 
considering the deficiency from overlapping emission spectra, variations in 
luminescence intensity and background noise interference. 
The preferred fluorophore for optical encoding should ideally possess the following: 
1) large Stokes/anti-Stokes shift for a distinct emission spectrum from the excitation 
spectrum; 2) narrow emission bands to avoid overlapping between different 
emission peaks; 3) excellent photo- and chemical stability for robustness when 
operating in harsh environments. In view of these, organic dyes, which are 
commonly used for optical encoding, are not considered as ideal. For one, the 
distance between their excitation and emission peaks is usually less than 100 nm, 




normally more than 50 nm. Thus, strong interference from the excitation source is 
likely to be imposed on the signal.10,11 Moreover, their wide emission bands make 
it difficult to introduce other emission wavelengths into the encoding system, since 
overlapping of these closely-spaced bands is unavoidable, making it impossible to 
identify the specific codes. Another shortfall is their poor photostability that would 
affect the robustness of the codes generated. Inorganic crystal, quantum dots (QDs), 
is an alternative source of material for optical encoding. They overcome issues 
associated with organic dyes by possessing narrow, size-tunable emission 
spectra,12-16 as well as excellent photo- and chemical stability. Moreover, unlike 
organic dyes, which can only be excited by a specific wavelength of light, QDs are 
excitable by a range of wavelengths shorter than a specific value. Multiple codes 
can thus be simultaneously readout from the same excitation, usually UV 
radiation.12,17 Emission bands of different codes are not only well-separated from 
each other but also far-separated from the excitation, thus allowing more codes in 
the detectable wavelength range to be resolved with acceptable spectral overlaps. 
Nonetheless, the use of QDs for bioapplications is still limited, because of the 
concern of toxicity, especially for the cadmium constructed QDs,18,19 and the fact 
that UV radiation commonly used as the excitation source leads to strong auto-
fluorescence background noise, severe scattering and most disturbingly, 
phototoxicity.8,9 
Upconversion nanoparticles (UCNPs) are a new class of fluorescent material that 




Stokes shift emission bands with narrow distribution, excellent photo- and chemical 
stability, nil-background noise and low scattering of the NIR excitation.20-31 
Moreover, current studies showed no obvious toxicity to cells and organs from 
properly surface-modified UCNPs administered at the recommended dose.32,33 
Endowed with these unique and desirable optical properties, UCNPs have attracted 
intensive research interests. The recent decade has witnessed rapid progress in 
understanding their unique optical properties and mechanisms,34-37 development of 
synthesis routes for their fabrication,38-41 surface modifications as well as their use 
for bioapplications39,42-49, all of which have been thoroughly reviewed elsewhere. 
Here, we will focus on dissecting the optical properties of UCNPs that have been 
harnessed for optical encoding and the strategies employed to engineer them to 
achieve optical encoding of UCNPs.  
 






2.1 Optical Properties Harnessed for Optical Encoding 
Unlike downconversion materials such as organic dyes and QDs, UCNPs possess 
unique photon-upconverting ability. This feature is conferred by lanthanides ions 
doped into their host material that serve as sensitizers and activators. During an 
upconversion process, the sensitizer (usually Yb3+ or Nd3+) absorbs energy from 
the NIR excitation and then continuously transfers this to the activator (usually Er3+, 
Tm3+ or Ho3+), resulting in one UV or visible photon to be emitted by the activator 
after receiving energy from the sensitizer that has absorbed two or more NIR 
photons.26,50 Due to this unique photon-upconverting ability, UCNPs offer 
exceptional features for optical encoding, such as their long luminescence lifetime, 
sharp excitation bandwidth and multi-color patterns, aside from conventional 
encoding parameters like wavelength and ratiometric intensity of their emission 
bands.  
2.1.1 Wavelength of emission bands 
Wavelength of emission bands is the most commonly used parameter for optical 
encoding. Unlike QDs, whose emission wavelength can be fine-tuned by 
controlling the size of the nanoparticle, UCNPs emit at particular wavelengths that 
are intrinsically determined by the energy levels of their activators. Typically, this 
involves electronic transitions in the 4f–4f orbits of the doped lanthanide ions 
during the energy transfer events that occur from excitation to emission. As this is 
shielded by the outer fully occupied 5s and 5p orbits, electronic energy gaps that 
determine the emission wavelength of UCNPs are not significantly affected by their 




emission wavelength of UCNPs will not shift with a change in the host material, as 
in lanthanide-doped downconversion materials, or with the change in the size of the 
nanoparticle, as in QDs. The difficulty in using emission wavelengths of UCNPs 
for optical encoding is that new types of activators are needed to be imported to 
furnish new emission bands to the current available colors. However, considering 
that a matching energy level is imperative for effective energy transfer, and the 
possibility of deleterious cross-relaxations between dopants, importing new 
activators is not always feasible.52 To-date, the ion pair combinations that can 
efficiently execute the upconversion energy transfer are still limited to only Yb→Er, 
Yb→Tm, and Yb→Ho. Nonetheless, encouraging efforts have been directed to 
delicately engineer the energy transfer process and integrate it with the 
downconversion process to introduce new emission bands,53,54 broadening the 
range of emission wavelengths of UCNPs for optical encoding. 
2.1.2 Ratiometric intensity of emission bands 
Contrary to the difficulties in importing new emission bands, encoding based on 
ratiometric intensity of existing emission bands is much easier in UCNPs. In fact, 
their nature to emit at multiple wavelengths makes UCNPs superior to organic dyes 
and QDs (both having single emission) when ratiometric intensity is used as the 
encoding parameter. The presence of multiple electrons filling in the 4f orbits of 
the activator ions is the factor behind their complex energy levels. Although the 
emission wavelength cannot be altered since it is fixed by the energy gap, the 
intensity of each emission band can be manipulated by regulating the energy 




luminescent compounds20,60,61. Thus, specific values of intensity ratio of emissions 
can be assigned to each code. By identifying this difference in intensity ratios of 
emission bands, UCNPs optical encoding based on ratiometric intensity of emission 
band can be developed. Similarly, ratiometric intensity based codes can also be 
generated by incorporating multiple activators into UCNPs and controlling the 
intensity ratio of emissions from these different activators.  
2.1.3 Luminescence lifetime 
Tunable luminescence lifetime of UCNPs is yet another unique parameter that can 
be used for optical encoding. Unlike organic dyes and QDs which possess very 
short lifetimes (typically 0.1–100 ns),62,63 lanthanide-doped materials exhibit much 
longer decay time in the range of micro- to milliseconds.64 This is primarily 
attributed to the fact that the 4f-4f transition involved in photo-upconverting 
process is parity forbidden in principle, and only partial release of the forbidden 
due to the mixture with other states, which leads to the low transition probabilities 
and consequently long lifetimes.65 Apart from this intrinsic property, recent studies 
revealed that the energy transfer plays an important role in regulating the 
luminescence lifetime in a precisely controlled fashion.66 This energy transfer is in 
turn influenced by several factors, including particle shape, size, phase, surface 
ligand passivation and dopant concentration, all of which can be exploited to 
regulate the energy transfer events. With the advent of nanotechnology and time-
resolved measurement instruments, controlling and differentiating the 
luminescence lifetime of UCNPUCNPs are now possible, offering new 




2.1.4 Excitation wavelength 
The development of instruments with multiple laser excitations enables the 
utilization of UCNP excitation wavelength as a parameter for optical encoding.67 
Unlike QDs that possess a broad excitation band, whose range extend to any optical 
wavelengths shorter than a particular value, or those lanthanide-doped 
downconversion materials that absorb UV excitations by their host matrix and thus 
also possess a broad excitation band, the excitation band of UCNPs is narrow. Just 
like their emission band characteristics, absorption of excitation energy occurs via 
the electronic transitions between energy levels in the 4f orbits, thus affording them 
a narrow excitation band that is easily distinguishable.51,68 Recent studies 
demonstrating the possibility of tuning the excitation wavelength of UCNPs have 
opened the door to using their excitation wavelengths as yet another parameter for 
optical encoding.69 
2.1.5 Multi-color patterns 
Multi-color patterns that are discernible when viewed under a fluorescent 
microscope will enable time- and cost-saving decoding procedures to be adopted 
with the use of UCNPs optical codes. Due to the Abbe diffraction limit in optical 
microscope, items smaller than 200 nm in dimension are not distinguishable by 
optical microscope. The size of QDs is much smaller than that (usually 1 to 10 nm) 
due to their requirement to achieve quantum confinement for a tunable optical 
property.16 The size of organic dyes is even smaller. It is thus difficult to produce 
multi-color patterns within a single fluorophore of QDs or dyes. Currently, multi-




dyes into micro-beads. Besides such encapsulation method,70 UCNPs have the 
privilege of producing multi-color patterns within a single crystal by synthesizing 
large-sized UCNPs. By controlling the reaction conditions in different synthesis 
routes, UCNPs crystals of wide ranging sizes could be produced anywhere from 
less than 10 nm to hundreds of micrometers, giving UCNPs more flexibility to be 
used by this encoding parameter. 
It is worth noting that other than the abovementioned parameters of UCNPs for 
optical encoding, recent developments in UCNPs have taken a step further by 
introducing magnetic,71-75 X-ray76,77 and photo-electronic properties60,78 into 
UCNPs, thereby conferring these nanoparticles with the capability for multi-modal 
encoding. 
2.2 Strategies to Engineer UCNPs for Optical Encoding 
To tailor UCNPs to exhibit the abovementioned properties as parameters for optical 
encoding, commendable efforts have been put into developing strategies that could 
control the UCNPs optical properties. These strategies could be generally classified 
into three groups: homogeneous ion doping, heterogeneous structure fabrication 
and micro-bead encapsulation. 
2.2.1 Homogeneous ion doping 
Due to similarities in their outermost electronic structure and ionic radius, 
lanthanide ions display similar chemical reactivity. By this, the lanthanides ions 
could be incorporated into host materials with almost 100 % yield and less than 5 % 




homogeneously dope a variety of lanthanides ions into host materials with accurate 
concentrations, thus allowing precise control over the optical properties of UCNPs. 
a) Ratiometric multiple activators doping 
Ratiometric multiple activators doping is the most straightforward approach to 
produce UCNP optical codes based on ratiometric intensity of emission bands. 
Doping multiple activators into the host material allows independent, specific 
emission bands to be introduced into the same UCNP. Here, the intensity ratios of 
these specific emission bands could be easily tuned by controlling the concentration 
of each activator. Liu et al. employed this strategy by doping both Er3+ and Tm3+ 
into Yb3+-sensitized NaYF4 UCNPs. By keeping the concentration of Tm3+ constant 
and changing the concentration of Er3+ from 0 to 1.5 mol%, the color of UCNPs 
changed from blue to white.55 Xu et al. developed this idea further by doping Ho3+ 
in addition to Er3+ and Tm3+ into NaYbF4 UCNPs, thereby establishing a multicolor 
system of NaYb0.98F4:Er/Tm/Ho that emits orange, yellow, green, cyan, blue and 
pink light, depending on the doping concentration of individual activators.80 
Ensuing this, a number of similar works employing the same strategy were also 
reported by other groups, whereby ratiometric multiple doping of Er, Tm, and Ho 
in a variety of host materials such as NaYF4, LiYF4, BaYF5, Lu2O3, CaMoO4, and 
GdVO4, produced UCNPs that possess colorful emissions ranging from blue, green 
and red to white.31,81-85 
A major limitation to this strategy is the severe cross-relaxations that occur between 
the activators when they are doped at high concentrations. As this consumes energy 




UCNPs can only be fine-tuned at minute concentrations of the doped activators, 
thereby restricting the freedom of codes production.86,87 
b) Engineering the energy cross-relaxation  
Energy cross-relaxation between the doped lanthanide ions in UCNPs may not 
always be deemed as deleterious. If carefully controlled, optical codes could be 
generated from it. As the energy cross-relaxation process takes place only when 
there is a match in the energy levels of the dopant ions, the resultant quenching in 
emission intensity is selective only to those emission bands that are derived from 
affected activators with matching energy levels to other dopants in the host 
matrix.86,88 Hence, this provides a means to regulate the intensity ratios of the 
emission bands by careful selection of the type of dopants to be incorporated to 
induce deliberate cross-relaxations with the activators. Due to its similar chemical 
properties as well as multiple energy levels that conveniently overlap with that of 
the activators commonly doped in UCNPs, lanthanide ions are usually chosen to 
induce these cross-relaxations. Besides the activator ions Er3+, Tm3+, and Ho3+ that 
induce cross-relaxations with each other, other lanthanides ions such as Ce3+, Pr3+, 
and Sm3+ are also frequently doped into UCNPs to induce cross-relaxations.68,89,90 
Zhang et al. pioneered tuning of the red/green ratio of NaYF4:Yb,Ho UCNPs by 




cross-relaxation processes between Ho3+ and Ce3+, electrons are populated from the 
green-emitting state 5S2/5F4(Ho) and its intermediate state 5I6(Ho) to the red-
emitting state 5F5(Ho) and its intermediate state 5I7(Ho), respectively (Figure 2.2a). 
By varying the Ce3+ concentration from 0 to 15 mol%, they were able to tune the 
red/green ratio from 0.2 to 11.90  Recently, Chan et al. developed a comprehensive 
kinetic model and used combinatorial screening to identify a series of double- and 
triple-doped UCNPs that exhibit high emission purities at various visible 
wavelengths, corresponding to different cross-relaxations between lanthanide ions 
(Figure 2.2b).88  Other than the red-dominated spectra that have been achieved 
previously, they also obtained green-dominated spectra with high purity by 
controlling the cross-relaxation between activator Er3+ and Pr3+ or Sm3+ ions. 
 
Figure 2.2 (a) Schematic on the mechanism of energy cross-relaxation between 
Ho3+ and Ce3+. Photo shows emission color of NaYF4:Yb,Ho and 
NaYF4:Yb,Ho,Ce UCNPs. (b) Color map depicting the integrated upconversion 
luminescence intensity and green/red spectral purity of binary combinations of 
lanthanide dopants. Adapted with permission from ref. 90 and 88. Copyright 





Indeed, this enabled the tuning of red/green ratio in both directions of increasing 
and decreasing values, to provide ratiometric intensity-based UCNP optical codes 
over a wide range. 
Transition metal ions are also frequently used to induce cross-relaxations.58 Mn2+, 
whose 4T1 state overlaps with the energy levels of activators, is widely used in 
tuning the red/green ratio of a variety of UCNPs of different host materials, such as 
NaYF4, NaLuF4 and MnF2. 57,91,92  Interestingly, Liu and co-workers obtained 
single-band emission by incorporating Mn2+ into the host matrix of their UCNPs to 
yield a KMnF3:Yb,Er construct.57 Due to sufficient cross-relaxations between Mn2+ 
and Er3+, the pathway of energy transfer in the KMnF3:Yb,Er construct got diverted 
to Yb3+→Er3+→Mn2+→Er3+ such that the green emission was totally suppressed 
while only a single band of red emission remained to be detected. Undeniably, 
single band emission is highly desirable as it avoids overlapping of spectra with the 
emission of other UCNPs. Admittedly, however, it is still challenging to freely 
produce UCNPs with single band emission at any particular emission wavelength. 
c) Controlling the dopant distance 
Dopant distance is another factor affecting the energy transfer process and thus 
resultant optical properties of UCNPs. By controlling the dopant distance, UCNP 
optical codes with different parameters could be obtained. There are two ways to 
control the dopant distance, one is by tuning the dimensions of the host crystal 
lattice, and the other is by changing the concentration of dopants. Alkali doping has 
been proposed by our group as a strategy to tune the crystal lattice dimensions.93 




sized K+, we were able to change the dimensions of the crystal lattice. As changes 
in the crystal lattice dimensions influence the distance between Yb3+ and Er3+ 
homogeneously doped in the host crystal, energy transfer between Yb3+ and Er3+ 
was altered accordingly, as manifested by the change in their emission that yielded 
UCNPs with tunable color. This strategy to tune the emission colors has also been 
verified by other groups working on UCNPs made of other host materials and 
activators ions.94,95 
Changing the concentration of dopants is another popular way to control the dopant 
distance. As the dopant concentration increases, the distance between them 
decreases accordingly, thereby enhancing the possibility of back-energy-transfer 
(BET) to occur from activators to sensitizers.96,97 Similar to cross-relaxations, BET 
also requires compatibility in energy levels. Thus, only activators having a specific 
energy level that matches that of the sensitizer would contribute towards the BET 
phenomenon. Regulating the BET process thus provide a way to control the 
ratiometric intensity of emission bands through dopant distance. Liu and co-
workers tuned the emission of NaYF4:Yb,Er from green to orange by increasing the 
Yb3+ dopant concentration from 18 to 60 mol%. This effectively enhanced the BET 
process that led to quenching of the energy corresponding to the green emission.55 
Most recently, they developed an energy-clustering system to better control the 
energy transfer between sensitizers and activators through dopant distance. Usually, 
UCNPs with high Yb3+ concentration suffers from severe BET resulting in 
concentration-dependent quenching, which would collectively diminish their 




accumulated in discrete clusters at the sub-lattice level. By this design, the average 
distance between the clusters was larger than the Yb3+-Yb3+ inter-atomic distance 
within the clusters.98 While the cluster served as an integration platform for 
sensitizing upon irradiation, the closely spaced Yb3+ within each cluster would 
minimize energy loss by virtue of their energy-clustering effect. By this deliberate 
design, no concentration-dependent quenching was observed at high Yb3+ 
concentration. On top of this, its blue emission, which is a product of multiphoton 
upconversion process, was enhanced with increased in the doping concentration of 
Yb3+ from 18 to 98 mol% (Figure 2.3).  
 
Figure 2.3 (a) Schematic representation showing the topological energy 
migration pathways in different types of crystal sub-lattice. (b) Emission spectra 
of KYb2F7:Er (top) and KYb2F7:Er/Lu (bottom). Reproduced with permission 





Other than producing ratiometric intensity based codes, controlling the dopant 
distance is also a strategy that could be used to produce luminescence lifetime based 
codes. As shorter sensitizer distance leads to faster energy migration process, 
quicker dissipation of the excitation energy is attained, thereby resulting in a shorter 
emission lifetime of the nanocrystals (Figure 2.4a). Jin et al. developed a 
luminescence lifetime based optical code by tuning the co-dopant concentration of 
Yb3+ and Tm3+ in NaYF4:Yb UCNPs.64 By optimizing both doping concentration 
and composition of the lanthanides ions, they succeeded in preparing and screening 
eight sets of UCNPs with distinct lifetimes ranging from 25.6 to 662.4 
microseconds in the Tm3+ blue emission band (Fig 2.4b). Identifying the lifetime 
of these UCNPs is easy and independent of their emission color or intensity, thus 
extending the optical encoding capability of UCNPs further by pioneering the way 
 
Figure 2.4 (a) Schematic showing tuning of luminescence lifetime by ionic 
distance. (b) Luminescence lifetime identities fabricated by adjusting the co-
dopant concentration of NaYF4:Yb,Tm. (c) Demonstration of lifetime-encoded 
document. Scale bars are 5 mm in all images. Adapted with permission from ref. 





in utilizing temporal dimension of its luminescent signal as a new parameter for 
optical encoding.  
2.2.2 Heterogeneous structure fabrication 
Fabricating heterogeneous-structured UCNPs is a fast developing technique. From 
the fabrication methods, innovations in their mechanisms, right down to their 
applications, numerous efforts have been made to provide vibrant opportunities to 
manipulate UCNPs with desirable properties. UCNPs with enhanced luminescence 
intensity, tunable emissions and excitations, as well as different 
biofunctionalizations have been fabricated through heterogeneous structures. 
Amongst these, some have proved useful for optical encoding, as discussed in the 
following sections. 
a) Ratiometric shell coating 
Ratiometric shell coating bears a similar concept to ratiometric multiple activators 
doping in that ratiometric optical codes are generated by tuning the amount of 
different activators. This is however achieved by having shell coatings on the 
UCNPs. Varying the type/amount of activators doped into these shells and 
adjusting thickness of the shells would allow a tunable amount of activators to be 
concocted. In doing so, cross-relaxations that tend to occur in concentrated, 
homogeneously-doped activators could also be eliminated, thereby offering more 
space for the tuning of ratiometric intensity. Based on this strategy, our group 
reported tuning of UCNPs color by fabricating NaYF4:Yb,Tm@NaYF4:Yb,Er and 
NaYF4:Yb,Tm@NaYF4:Yb,Er@NaYF4:Yb,Tm structures.52 By doping different 




(corresponding to Tm3+) and green peak (corresponding to Er3+) was altered 
accordingly. Following this study, we further developed the strategy by designing 
sandwich-structured UCNPs that featured a middle NaYbF4 energy-accumulating 
matrix between two NaYF4 layers doped with either Tm3+ or Er3+ activators to 
achieve tunable emission wavelengths.99 By doping different combination of 
activators into the different layers and changing the thickness of these activator-
doped layers, the emission colors were tunable over a wide range. 
b) Importing new activators by EMU in core-shell UCNPs 
Compared to ratiometric intensity, wavelength of emission is a more 
straightforward parameter for optical encoding. However, due to the limited types 
of activators that could effectively accept energy transfer from Yb3+, the 
wavelengths of upconversion emissions are restricted to only a few colors. Several 
attempts have been made to homogeneously dope Tb3+ or Eu3+, that act as 
secondary activators, into UCNPs having Tm3+, Er3+ or Ho3+ activators.100-103 
However, due to severe cross-relaxations between the activators, the outcome was 
less than satisfactory. A brilliant work done by Liu and Wang proposed a novel 
upconverting mechanism, termed as energy migration-mediated upconversion 
(EMU), to import a series of new lanthanide activators into a well-designed core-
shell UCNPs (Figure 2.5).53 In the EMU process, the excitation energy collected by 
the sensitizer is accumulated by accumulator ions through successive energy 
transfers, permitting one-step energy transfer from accumulator to migrator ions 
and migrator to activator ions. The EMU process removes the restriction pertaining 




broadening the choice of activators. By adopting this method to dope new activators, 
new emission bands have been introduced into UCNPs, thereby enabling optical 
codes to be easily identified through the tracking of specific emission bands. 
However, considering that the EMU process involves multiple energy transfer steps, 
the newly imported emission is usually low in intensity, which limits their usage. 
For this reason, an extra passive shell was coated on the UCNPs surface.54 The 
outcome revealed a greater improvement in the emission intensity of UCNPs coated 
with a NaYF4 shell as compared to that coated with a NaGdF4 shell. This could be 
explained by the fact that the NaGdF4 shell is not truly passive since Gd3+ is also 
the migratory ion involved in the energy transfer process. Based on this notion, the 
group extended the study by preparing UCNPs coated with a Y3+ and Gd3+ co-
doped shell. By changing the ratio of Y/Gd in the Y3+ and Gd3+ co-doped shell, the 
 
Figure 2.5 Importing new emission bands through energy migration in core–
shell UCNPs. (a) Schematic design of core–shell UCNPs for EMU (X: activator 
ions). (b) Proposed energy transfer mechanism in the core–shell UCNPs. (c) 
Emission spectra of the core-shell UCNPs doped with different activators. (d) 
Luminescence micrograph of UCNPs-incorporated polystyrene beads. 






intensity of the newly imported emissions changed accordingly, thus providing 
another strategy to generate optical codes based on ratiometric intensity of emission 
bands.  
c) Tuning of excitation wavelength 
With the development of decoding instruments equipped with multiple lasers, 
previous obstacle in utilizing the excitation wavelength of UCNPs as an encoding 
parameter has now been overcome.67 The difficulty, however, remains in tuning the 
excitation wavelength of UCNPs. It is a known fact that Yb3+ remains the most 
popular sensitizer for UCNPs due to its high efficiency in absorbing and 
transferring incident light energy to activators. However, as the energy levels that 
are involved in energy absorption lie in the 4f orbits of Yb3+, it possesses a very 
narrow excitation band. Only irradiation light that closely matches that band is 
capable of exciting the UCNPs. This makes it difficult to tune the excitation 
wavelength of UCNPs. There was not much success achieved in tuning the 
excitation wavelength of UCNPs until the NIR dye-sensitized UCNPs were 
fabricated recently.104 The surface-bound NIR dye served as an antenna, absorbing 
light in the specified wavelength for Förster Resonance Energy Transfer (FRET) to 
Yb3+ doped in the UCNPs core that will in turn transfer the energy to activator ions 
for an upconversion emission (Figure 2.6a). The NIR dye-sensitizer can be flexibly 
changed to other organic dyes, thus allowing broadband tuning of UCNPs 
excitations over a wide range of wavelength. The weak photo- and chemical 
stability of organic dyes is a major drawback in this dye-sensitized UCNPs 




high power irradiations, thereby limiting its application as optical codes. In an 
attempt to address this issue, several other groups have used Nd3+ as the sensitizer 
in replace of the NIR dye. In doing so, the excitation wavelength of UCNPs is now 
shifted to 800 nm where the absorption of Nd3+ reaches a maximum. By 
homogenous doping or fabricating core-shell structures, they were able to elevate 
the doping concentration of Nd3+ from 0.5 to 50 mol% and this led to an enhanced 
luminescence intensity.69,105-108 More recently, Yao et al. designed a more 
reasonable core-shell-shell structure that promoted energy absorption and transfer 
without deleterious cross-relaxations.109 Here, activators were isolated from Nd3+ 
by a NaYF4:Yb layer, thus totally eliminating the possibility of deleterious cross-
relaxations (Figure 2.6b). This overcame previous hindrance to increase the amount 
of Nd3+ that could be effectively doped into UCNPs due to cross-relaxations that 
 
Figure 2.6 (a) Schematic of dye-sensitized UCNPs. (b) Schematic and energy 
level diagram of energy transfer in Nd3+-sensitized 
NaYF4:Yb,Er@NaYF4:Yb@NaNdF4:Yb UCNPs. Reproduced with permission 
from ref. 104 and 109. Copyright 2012 Macmillan Publishers Limited and 2013 





occurred between activator ions and Nd3+, even when they were separately doped 
in adjacent layers. By this new approach, they were able to achieve a phenomenal 
elevated concentration of Nd3+ up to 90 mol% in the outermost layer, altogether 
harvesting more energy for the upconversion process. Besides having new NIR 
excitation wavelengths, researchers have also combined both upconversion and 
downconversion processes within a single UCNPs crystal by fabricating core-shell 
UCNPUCNPs structure that enabled the importation of UV excitations.21 With 
more excitations available at different wavelengths, there is now greater freedom 
in using UCNPs optical encoding based on their excitation wavelengths.  
d) Interaction with other fluorophores 
Before the advent of dye-sensitized UCNPs, dyes have already been used in 
conjunction with UCNPs to tune their emission colors. Instead of functioning as 
sensitizers, they served as energy acceptors by receiving energy transferred by 
FRET from their UCNPs donors. As these organic dyes or QDs were usually doped 
in the silica shell coating on UCNPs, they are brought in close proximity for FRET 
to occur. Their broad excitation band as well as high quantum yield (QY) make 
these dyes and QDs suitable to serve as FRET acceptors. By selecting dye or QD 
with an excitation band that overlaps with the emissions of UCNPs, efficient FRET 
could occur from the UCNPs to the dye/QD. As a consequence, specific emissions 
from UCNPs that are involved in the FRET process would diminish while new 
emission bands from the dyes or QDs will emerge.20 Since the emission intensity 
of the newly imported dyes and QDs vary with the amount in which they are doped, 




noting that ratiometric optical codes could also be obtained solely from the selective 
quenching of UCNP emissions by dyes without the need for any additional 
emission from these dyes. Gorris et al. grafted four kinds of dyes onto UCNPs, 
selectively screening-off green or red emission in NaYF4:Yb,Er and blue or NIR 
emission in NaYF4:Yb,Tm.110 By altering the amount of each dye, the respective 
emissions in UCNPs changed accordingly to different degree (Figure 2.7). When 
the unscreened-off emission was used as the reference, the intensity of the selective 
emission showed a solid negative logarithmic relationship with the amount of 
fluorophores grafted.  
 
Figure 2.7 UCNPs optical encoding by ratiometric selected quenching. 
Schematic of dye-grafted UCNPs to selectively quench luminescence, and 
spectra showing the change in luminescence intensity with the amount of 
respective dyes. Adopted with permission from ref. 110. Copyright 2011 





e) Fabricating upconverting micro-rods 
Although some of the abovementioned heterogeneous structured UCNPs were 
fabricated by having separate colors in each layer, it is not possible to distinguish 
the colors emitted from individual layers. Instead, changes in each optical layer 
would only be reflected in the bulk color appearance or the particle’s collective 
spectra, but not in the form of a variety of multi-color patterns that most are likely 
to envisage. In an interesting development by Liu et al., barcodes made of 
upconverting micro-rods showed multi-color patterns within a single crystal.111 To 
produce such barcodes whose multi-color patterns could be viewed directly under 
fluorescent microscope, they had chosen micro-rods instead of nanoparticles to 
work on, for the reason that these micro-size structures allows overcoming of the 
Abbe diffraction limit of optical microscope. These barcodes were produced via a 
two-step synthesis, in which a parent micro-rod was firstly fabricated, followed by 
an oriented epitaxial growth of its two tips. By having different color arrangement 
for the middle and tip portion of the rod, several barcodes based on different color 
 
Figure 2.8 Micro-rods barcoding with multi-color patterns. Schematic shows the 
fabrication and fluorescence micrograph of the micro-rods barcoding. Scale bar 






combination were produced (Figure 2.8). However, due to constraint from the 
synthesis method, both tips share the same color, which limits the complexity of 
the barcode. Moreover, the tiny and blur tips indicate that it is still challenging to 
grow tips with microscopic-distinguishable lengths, not to mention the difficulty in 
growing tips with more complex patterns for multiple rounds. Undeniably, more 
efforts are anticipated to develop barcodes with complex color patterns that can be 
imaged directly.  
2.2.3 Micro-bead encapsulation 
Besides manipulating the optical property of UCNPs within individual particles 
itself, a variety of optical codes could also be generated by combining several 
different kinds of UCNPs. Micro-bead encapsulation offers such an opportunity 
whereby a cocktail of different type of UCNPs could be integrated into a single 
platform. By changing the amount of encapsulated UCNPs of different optical 
properties, a variety of codes could be generated from the micro-beads. 
a) Ex situ encapsulation 
Encapsulation by the swelling-contract effect is the most commonly employed 
method for encapsulating dyes or QDs in polystyrene beads due to its simplicity in 
approach.12,17,112 Recently, it has been extrapolated to the encapsulation of UCNPs. 
In this, polystyrene beads are first put into the swelling solution (e.g. butanol) where 
they will swell up to a loose and expanded state. UCNPs are then added into the 
same solution. UCNPs that diffused close enough to the swollen beads would get 
tagged onto their surface. Once the beads are transferred into a contract solution 




and undergo contraction. Zhang et al. demonstrated that the intensity of emissions 
showed a solid, reproducible, strong linear relationship to the number of UCNPs 
encapsulated in each bead (Figure 2.9a).28 The technique was further advanced by 
Liu et al. who incorporated different UCNPs into the same beads.31 By means of a 
binary incorporation of green and red UCNPs into the same beads, beads with 
yellow emission were produced, increasing the library of available codes. However, 
the luminescence intensity of these beads were not uniformly even, usually with 
dim centers. This indicates that most UCNPs were distributed on the surface rather 
than being embedded inside the beads, thereby limiting the potential of these beads 
to be further surface functionalized, besides the obvious limitation in increasing the 
total number of UCNPs encapsulated to achieve stronger luminescence. In view of 
this, mesoporous polystyrene beads present a more preferred platform for 
encapsulating fluorophores, as reported by Nie et al. in their work on QDs 
encapsulation.17 As the beads swelled up, the mesopores enlarged to form channels, 
 
Figure 2.9 (a) UCNPs grafting onto polystyrene beads by swelling-contract 
effect and luminescence intensity corresponding to the number of UCNPs 
grafted. (b) Luminescence micrographs of QDs encapsulated in mesoporous 
(top) and nonporous (bottom) polystyrene beads. Adapted with permission from 
ref. 28 and 17. Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, 





thereby enabling QDs to diffuse far into the innermost part of the bead. This not 
only resulted in more fluorophores to be encapsulated, but also led to their uniform 
distribution inside the beads (Figure 2.9b).  
b) In situ encapsulation 
Lack of flexibility is a trade-off for the simple ex situ encapsulation method 
described above. Due to the homogeneous nature of the encapsulation method, only 
beads of single colors are produced, even when fluorophores of multi-colors are 
encapsulated. On the contrary, encapsulation of fluorophores during the bead 
synthesis itself allows the production of beads with desirable optical properties by 
the deliberate control of their synthesis conditions. Multi-layered silica beads 
encapsulating different dyes have been produced by Trau and co-workers.67 In their 
construct, different fluorescent layer was coated onto the particles using silane 
coupling agents labelled with different-colored fluorescent dyes. The particles were 
later recombined, and the process repeated for several cycles. At the end of the 
cycle, a myriad of all color combinations of the beads was collected. They were 
then run through a flow cytometer to separate the uniquely encoded bead sets based 
on their fluorescent signature. Aside from dyes, multi-layered QDs-encapsulated 
polymer beads have also been produced by in situ encapsulation during the bead 
polymerization process.113,114 These techniques can be extrapolated to 
encapsulation of UCNPs, which will help to widen the variety and complexity of 




In recent times, it was reported that microscopic-distinguishable UCNPs-
encapsulated polymer micro-particles, with complex multi-color patterns have been 
developed by Lee et al. using flow lithography (Figure 2.10).70 In their technique, 
UCNPs were firstly oxidized and acrylated in the monomer solutions separately to 
ensure a uniform distribution. Six streams of the monomer solutions containing 
different color UCNPs were then flowed adjacent in a high-throughput microfluidic 
device. The device periodically stops the flow to expose the polymer precursors 
with UV radiation for 100 ms to induce photopolymerization. The polymer 
barcodes were produced in the size range of ~250×70 µm and at a rate of 18000 
particles per hour. Amazingly, the decoding instrument required to identify these 
codes was nothing more than a mobile phone camera with a ×20 objective lens and 
a portable NIR laser, making these UCNPs barcodes simple enough to be used in 
our daily life.  
 
Figure 2.10 Schematic illustrating production of UCNPs incorporated-polymer 
micro-rods with multi-color patterns using flow lithography with UV induced 
photopolymerization (left), and the as-prepared barcodes (right). Adopted with 





2.3 Scope and Outline of Thesis 
2.3.1 Scope and objectives 
Seeing the huge potential in UCNPs for optical encoding, numerous efforts have 
been devoted towards understanding the mechanisms of upconversion, identifying 
suitable properties of UCNPs that could be used as parameters for optical encoding 
and engineering those properties to produce optical codes. Remarkable progress 
has been made to this end, with a variety of tunable factors of UCNPs now available 
to provide a wide range of strategies to produce UCNP optical codes, from 
microscopic engineering within the nanoparticle itself using homogeneous ions 
doping or heterogeneous structure fabrication approach, to micro-bead 
incorporation to churn out a cocktail of UCNP combinations. Nonetheless, as an 
emerging technology, there are still several challenges that need to be addressed in 
the development of UCNPs for optical encoding. 
i. Although it has been proven that the energy transfer between layers in core-
shell UCNPs helps to enhance and tune the luminescence of UCNPs, there 
is still a lack of a systematic study of the energy transfer between layers. 
ii. Although new emission peaks have been made possible through EMU, the 
luminescence intensity of the new peaks is still low, owing to low 
concentration of the doped ions to avoid the cross-relaxations between ions. 
iii. Although it has been proven that by changing the size and structure of core 
and core-shell UCNPs the luminescence properties could be fine-tuned, 
there is still a lack of strategies to increase the size of UCNPs and to coat a 




iv. Although UCNPs have been encapsulated into micro-beads, the swelling-
contract method used for encapsulation meant that the UCNPs were only 
tagged on the surface, which hindered future surface functionalization of 
those beads, and also lacked tunability of the beads.  
Considering those limitations, the aim of this thesis is to study the inter-layers 
energy transfer in core-shell UCNPs and to develop an approach that thicker shell 
can be coated onto core UCNPs, so as to fabricate UCNPs with enhanced and 
tunable luminescence that are feasible for optical encoding. The aim also includes 
developing a strategy for encapsulating these UCNPs into micro-beads to fabricate 
UCNP encoded micro-bead barcodes with high-throughput and better 
controllability. The objectives are listed as follows: 
• To study the inter-layers energy transfer in core-shell UCNPs, by 
comparing the upconversion performance in sensitizer and activator 
isolated NaYF4:Er@NaYF4:Yb and NaYF4:Yb@NaYF4:Er UCNPs. 
• To develop core-shell UCNPs with enhanced and tunable luminescence 
based on the information obtained from the above energy transfer study. 
• To develop a strategy for increasing the size and luminescence of core 
UCNPs, and coating thick shell onto core UCNPs to make multi-color 
UCNPs through lanthanides doping. 
• To encapsulate these UCNPs into micro-beads to fabricate UCNP encoded 




The scope of this thesis includes investigation of the energy transfer in core-shell 
UCNPs, whereby information has been used subsequently for enhancing and tuning 
the luminescence of core-shell UCNPs. These information would also guide future 
design of core-shell UCNPs with desirable optical properties. The strategy 
developed for coating thicker shells increases flexibility for engineering of UCNPs 
with desirable properties such as enhanced lumincecence intensity, tunable 
emissions and excitations. This could lead to the fabrication of UCNPs with well 
designed core-shell structure with multiple layers and desired thickness. The multi-
color and luminescence enhanced UCNPs and micro-beads produced could serve 
as useful optical codes for highly sensitive and nil-background-noise encoding. 
2.3.2 Thesis outline 
In this thesis, a brief introduction of the upconversion nanoparticles, including the 
basic principle, recent developments and general applications, is presented in 
chapter 1. Chapter 2 is a detailed literature review on the engineering of 
upconversion nanoparticles for optical encoding. The optical properties of UCNPs 
that are feasible for optical encoding are firstly screened. After which, the strategies 
developed recently to engineer these properties to achieve UCNPs optical encoding 
are summarized. In chapter 3, a study of the inter-layers energy transfer in core-
shell UCNPs is reported, by comparing the upconversion performance in sensitizer 
and activator isolated NaYF4:Er@NaYF4:Yb and NaYF4:Yb@NaYF4:Er UCNPs. 
Based on the information obtained here, the core-shell UCNPs with enhanced and 
tunable emission were fabricated by accumulating sensitizer in the core. Chapter 4 




coating thick shell onto core UCNPs through lutetium doping. This led to the 
fabrication of multi-colour UCNPs with well-designed core-shell structure with 
multiple layers and desired thickness. These multi- UCNPs were encapsulated into 
micro-beads to fabricate UCNP encoded micro-bead barcodes through high-
throughput microfluidics, which is presented in chapter 5. Chapter 6 highlights the 
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CHAPTER 3. LUMINESCENCE ENHANCEMENT AND TUNING OF 
CORE-SHELL UCNPS BY ACCUMULATING SENSITIZER IN THE 
CORE 
3.1 Introduction 
Upconversion nanoparticles (UCNPs) have drawn wide research interests in the 
past decade, in investigating their unique properties1-3 as well as exploring their 
various applications4-8. Those researches demonstrated UCNPs as a new class of 
fluorescent material that surpass conventional organic dye and quantum dots, in 
terms of nil auto-fluorescence background, deeper penetration of excitation light, 
and better photostability, making UCNPs a promising revolutionary material for 
bio-imaging, photodynamic therapy, photo-activation and bio-detection. However, 
their wide applications are still limited by several constraints, including low 
luminescent efficiency, less tunable emissions, and imperfect biofunctionalization. 
This is especially so for luminescence intensity, considering the quantum yield of 
UCNPs is much lower than that of quantum dots and organic dyes. Plenty of efforts 
have been devoted to enhancing the luminecence intensity of UCNPs, including 
optimizing the dopant concentrations, interacting with other fluorophore, 
optimizing the excitation source and fabricating core-shell structures. Core-shell 
structure offers great freedom in microscopic engineering of the UCNPs, thus being 
widely utilized in the tuning of the UCNPs optical properties, especially for 
enhancing the luminescence intensity. Coating of an inert shell of NaYF4 without 
any dopants onto NaYF4:Yb,Er/Tm UCNPs has been proven to enhance the 




this is the isolation of dopants from the surface quenching sites.10 Other than the 
inert shell, active shells, which were also doped with certain dopants, have also 
been used to improve the UCNPs luminescence. Capobianco et al. synthesized 
UCNPs with a NaGdF4:Yb3+,Er3+@NaGdF4:Yb3+ structure. Through the extra 
energy transferred from the active shell to the activator ions in the core, the 
luminescence intensity increased.13 Our group developed a sandwich structure of 
NaYF4: Yb3+,X3+@NaYF4:Yb3+@NaYF4: Yb3+,X3+ (X=Er or Tm), in which the 
middle energy-harvesting layer transferred energy to different activator ions in both 
inner core and outer shells, thus enhancing the luminescence as well as tuning the 
emission color.14 More recently, Zhang et al. reported a breakthrough in 
concentration quenching threshold of upconversion luminescence via spatial 
separation of the emitter doping area in core-shell UCNPs. By separating sensitizer 
ions in multi-layer shells, they enhanced the optimal concentration of Er for 2% in 
the conventional UCNPs to 5% in their special design, and thus increased the 
luminescence intensity.15 Most recently, Zhang et al. compared the heterogeneous 
doping NaGdF4:Yb,Er/NaYF4 with the homogeneous doping 
NaGdF4:Yb,Er/NaYF4 UCNPs synthesized through successive layer-by-layer 
method, and they found that the luminescence efficiency is improved to nearly 2 
times versus homogeneous doping.16 However, in these previous studies, although 
it was believed that the extra energy transferred from the sensitizer layer improved 
the luminescence, there was no systematic study on the energy transfer between 




intra-layer energy transfer luminescence could interfere with the luminescence 
produced by the inter-layers energy transfer. 
Here, we eliminate this problem by developing core-shell UCNPs with activator 
and sensitizer ions separately doped in the core or shell, in which the intra-layer 
energy transfer is eliminated. Thus, all the luminescence emitted is from the energy 
transfer between layers, which makes it much clearer to study the inter-layers 
energy transfer. Two types of UCNPs were synthesized with this structure, 
NaYF4:Er@NaYF4:Yb and NaYF4:Yb@NaYF4:Er core-shell UCNPs, in which 
sensitizer ions were doped only within the shell or core, respectively. By 
examination and comparison of the upconversion luminescence performance of the 
above two types of UCNPs with different core/shell ratio and dopant concentration, 
the information of inter-layers energy transfer were obtained. These information 
provided us a way to efficiently design UCNPs with proper arrangement of the 
dopants in core-shell structures. Through which, UCNPs with enhanced and tunable 
luminescence were obtained by accumulating sensitizer in the core. 
3.2 Materials and Methods 
3.2.1 Reagents 
YCl3•6H2O (99.9%), YbCl3 · 6H2O (99.9%), TmCl3 · 6H2O (99.99%), 
ErCl3 · 6H2O (99.9%), LuCl3 · 6H2O (99.99%), GdCl3 · 6H2O (99.9%), 
TbCl3 · 6H2O (99.9%), EuCl3 · 6H2O (99.9%), NaOH (98+%), NH4F (98+%), 1-
octadecene (90%), and oleic acid (OA) (90 %) were purchased from Sigma-Aldrich 
and used as received without further purification. Anti-BMPR2 (N-term) was 




Cell Signaling Technology, Beverly, MA, USA; NIH-3T3 cells fibroblast cell line 
was a gift from Prof. Li Jun’s lab (Biomedical Engineering, NUS, Singapore). 
3.2.2 Set up of the nanoparticle synthesis system 
The system was assembled in a fume hood and comprised of the following: (1) a 
heating component, made up of a temperature controller that was connected to a 
spherical heating mantle and a thermocouple. The thermocouple was fitted into the 
reaction flask to monitor the reaction temperature; (2) a stirring part, which 
consisted of a magnetic stirrer driving the spinning motion of an egg-shaped 
magnetic stir bar placed in a round-bottom reaction flask; (3) an atmosphere 
exchanging component, consisting of a dual manifold line that was linked to an 
argon cylinder at one end and a vacuum pump at the other end, and connected to 
the reaction flask (Figure 3.1).  
To prevent cross-contamination between reactions, the tip of the thermocouple was 
inserted into a nuclear magnetic resonance glass tube (tube was secured to the 
thermocouple at its mouth with a parafilm). Between reactions, the glass tube could 
 





be replaced with a new one to ensure that no contamination from the previous 
reaction could be brought over to the next one. The dual manifold line was 
connected to the reaction flask through a condenser to prevent suck-back of the 
reaction mixture due to sudden decrease in pressure during the exchange of 
atmosphere.  
3.2.3 Synthesis of NaYF4:Er@NaYF4:Yb core-shell UCNPs 
NaYF4:Er@NaYF4:Yb core-shell UCNPs were synthesized through two-step 
synthesis, in which the NaYF4:Er core UCNPs were synthesized in the first step 
and followed by a growth of the NaYF4:Yb shell onto the as-prepared core UCNPs 
in the second step. 
Typical, NaYF4:2%Er core UCNPs were synthesized following protocols reported 
previously with modifications.17 0.98 mmol YCl3 and 0.02 mmol ErCl3 were mixed 
with 6 mL oleic acid and 15 mL 1-octadecene in a 100 mL flask. The solution was 
heated to 150 °C to form a homogenous solution, and then cooled down to room 
temperature. A solution of 4 mmol NH4F and 2.5 mmol NaOH in 10 mL of 
methanol was added into the flask and stirred for 30 min. Subsequently, the solution 
was heated to 100 °C to remove the methanol. After methanol was evaporated, the 
solution was heated to 300 °C and incubated at that temperature for 1 hour under 
an argon atmosphere and then cooled to room temperature. The UCNPs were 
precipitated with 20 mL of acetone, collected after centrifugation, then washed 





The NaYF4:Yb shell was coated onto the as-prepared core UCNPs following 
protocols reported previously with modifications.18 In a typical synthesis of 
NaYF4:2%Er@NaYbF4 with core-shell ratio of 1:1.3, 1.3 mmol YbCl3 were mixed 
with 6 mL oleic acid and 15 mL 1-octadecene in a 100 mL flask. The solution was 
heated to 150 °C to form a homogenous solution, and then cooled down to room 
temperature. Solution of the NaYF4:2%Er core nanocrystals dispersed in 
cyclohexane that obtained from previous step was added to the flask. The solution 
was maintained at 110 °C to remove the cyclohexane solvent and then subsequently 
cooled down to room temperature. A solution of 5.2 mmol NH4F and 3.25 mmol 
NaOH in 10 mL of methanol was added into the flask and stirred for 30 min. 
Subsequently, the solution was heated to 100 °C to remove the methanol. After 
methanol was evaporated, the solution was heated to 300 °C and incubated at that 
temperature for 1 hour under an argon atmosphere and then cooled to room 
temperature. The nanocrystals were precipitated with 10 mL of acetone, collected 
after centrifugation, then washed thrice with ethanol/water (1:1 v/v) and finally 
dispersed in cyclohexane for subsequent use. 
UCNPs of different core-shell ratios and doping concentrations were synthesized 
similarly, but the amount of shell precursors added into the reaction was varied 
stoichiometrically. 
3.2.4 Synthesis of NaYF4:Yb@NaYF4:Er core-shell UCNPs 
Synthesis of NaYF4:Yb core UCNPs and coating of NaYF4:Er onto the core UCNPs 





3.2.5 Synthesis of NaYF4:Yb@NaYF4:Yb,Er core-shell UCNPs with 
enhanced doping concentration 
Synthesis of NaYF4:Yb@NaYF4:Er core-shell UCNPs with enhanced doping 
concentration were similar to the synthesis above but the amount of lanthanides 
chloride was changed accordingly. It was worth noting that, to ensure the similar 
size of the NaYF4:Yb core UCNPs doped with different concentration of Yb3+, 
certain amount of Gd3+ was co-doped to tune and maintain the core particle size. 
3.2.6 Synthesis of NaGdF4:Yb@NaGdF4:Yb,Tm@NaGdF4:X (X=Tb, Eu) 
core-shell-shell UCNPs 
NaGdF4:Yb@NaGdF4:Yb,Tm@NaGdF4:X (X=Tb, Eu) core-shell-shell UCNPs 
were synthesized similarly by changing the lanthanides chloride accordingly and 
repeating the shell growth step. 
3.2.7 Use of multi-color UCNPs for multiplexed labeling on NIH-3T3 cells  
UCNPs with different emission spectra were utilized for multiplexed labeling on 
NIH-3T3 cells following the procedure reported previously.14 
UCNPs were first carboxylized with carboxyethyl silane triol sodium salt. 0.25 mL 
of CO-520, 4 mL of cyclohexane and 1 mL of 0.02 M UCNPs dispersed in 
cyclohexane were mixed in a bottle followed by sonication. 0.04 mL of ammonia 
(33 wt%) was then added into the bottle and this was sealed before it was shaken 
fiercely to form a transparent emulsion. 5 mL of TEOS and 5 mL of carboxyethyl 
silane triol sodium salt were next added into the solution followed by vigorous 
stirring of the solution at 60 rpm for two days. The product was precipitated out by 




mL of 2 mM UCNPs was activated with 1 mL of 0.2 mg/mL N-hydroxysuccinimide 
(NHS) and 1 mL of 0.3 mg/mL 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (EDC) with vigorous shaking for 30 min. After which, the activation 
buffer was removed and the mixture topped up with fresh DI water. 20 mL of 4 
mg/mL antibody solution (anti-BMPR2 or anti-PDGFRα) was added to the 
activated particles and incubated at 37 oC for 3 h. This was followed by washing of 
the particles twice with water, with centrifugation step at 7000 g for 10 min in 
between the washings. Finally, the antibody conjugated UCNPs were re-suspended 
in 1 mL of DI water. 
NIH-3T3 cells were grown in Dulbecco’s Modified Eagle Medium at 37 oC in a 
humidified, 5% CO2 atmosphere. All media were supplemented with 10% fetal 
bovine serum, 100 units/mL of penicillin and 100 mg/mL of streptomycin. One day 
before staining, the cells were seeded onto appropriate culture dishes at a plating 
density of 30,000 cells/cm. Staining was done the next day as detailed below. 
Previously seeded cells were incubated with either anti-BMPR2-UCNPs, anti-
PDGFRa-UCNPs or a combination of these at a pre-optimized extracellular 
concentration of 1 mM, respectively. Binding of UCNPs onto the respective cell 
surface receptors was allowed to proceed by incubating them for 4 h at 37 oC in a 
humidified, 5% CO2 atmosphere. In the last 30 min of the incubation period, their 
nuclei was counterstained with 0.02 mg/mL DAPI. After which, the old culture 
medium containing unbound UCNPs and excess counterstaining dyes were 
discarded. The cells were washed twice with culture medium and once with 1× 




10 min at RT. This was followed by washing twice in 1×PBS for 5 min each. 
3.2.8 Characterizations 
Transmission electron microscopy (TEM) images were recorded on a JEOL 2010F 
transmission electron microscope (Jeol Ltd., Tokyo, Japan) operating at an 
acceleration voltage of 200 kV. Fluorescence spectra was recorded on a Hitachi F-
500 fluorescence spectrophotometer (Hitachi High-Technologies Corporation, 
Tokyo, Japan) equipped with an NIR continuous wave laser with emission at 980 
nm (Photonitech (Asia) Pte. Ltd., Singapore). The power of laser used to produce 
the emission was 500 mW, and the corresponding power density was 10 W/cm2. 
The decay profiles of upconversion emission were recorded by an oscilloscope 
(Tektronix TDS2012B) coupled to the output of a photomultiplier tube, attached to 
a monochromator (SpectraPro 2300i, Princeton Instruments, US). A 980 nm laser 
operating in the pulsed mode was used as the excitation source. All measurements 
were carried out at room temperature. The DLS size distribution statistics were 
measured with a Malvern zetasizer nano series (Malvern Instruments Ltd., 
Worcestershire, UK). Luminescent photograph of UCNPs under excitation of 980 
nm continuous wave laser were taken with a commercial Canon 550D camera 
(Canon Inc., Tokyo, Japan) without any filter. UCNPs and DAPI staining on the 
cells were visualized by excitation at 980 and 408 nm respectively using a confocal 
laser scanning microscope (Nikon C1 Confocal, Nikon Inc., Tokyo, Japan) 
specially fitted with a continuous wave 980 nm laser excitation source (Opto-Link 




3.3 Results and Discussion 
3.3.1 Inter-layers energy transfer in NaYF4:Er@NaYF4:Yb and 
NaYF4:Yb@NaYF4:Er core-shell UCNPs 
To have a clear view of the inter-layers energy transfer in core-shell UCNPs, 
sensitizer and activator ions were separately doped into the core or shell, by 
fabricating NaYF4:Er@NaYF4:Yb and NaYF4:Yb@NaYF4:Er core-shell UCNPs, 
thus the interference from intra-layer energy transfer was eliminated. In 
NaYF4:Er@NaYF4:Yb UCNPs, sensitizer ion Yb3+ was doped in the shell, and 
activator ion Er3+ was doped in the core, thus the upconversion luminescence came 
from the energy transfer from shell to core. While luminescence of 
NaYF4:Yb@NaYF4:Er UCNPs came from the energy transfer from core to shell 
(Figure 3.2). By examining and comparing the upconversion luminescence 
 
Figure 3.2 Study on the energy transfer between core and shell in sensitizer and 







performance of the above two types of UCNPs with different core/shell ratio and 
dopant concentration, the information of inter-layers energy transfer were obtained. 
XRD measurements were carried out to identify the crystal structures of the two 
types of core-shell UCNPs and the results are shown in Figure 3.3. The diffraction 
patterns of the two types of core-shell UCNPs match well with the standard pattern 
of β-NaYF4, indicating that both types of core-shell UCNPs were pure hexagonal 
phase crystal. No obvious difference was observed between the two types of core-
shell UCNPs, which implies that the crystal lattice was not interfered by the 
different arrangements of the core-shell structure. 
Their upconversion luminescence performance were examined separately. 













Figure 3.3 XRD patterns of NaYF4:Er@NaYF4:Yb and NaYF4:Yb@NaYF4:Er 





a)  Energy transfer from shell to core in core-shell UCNPs 
Firstly, we examined the effect of shell thickness on the energy transfer from shell 
to core. A set of NaYF4:Er@NaYF4:Yb UCNPs with different shell thickness were 
synthesized with the shell/core ratio ranging from 0.1:1 to 2.1:1. The doping 
concentration is fixed at 2 mol% of Er in the core and 100 mol% of Yb in the shell. 
TEM images of the set of core-shell UCNPs show a gradual increment in the 
nanoparticle size with the increasing shell/core ratio, which indicates the successful 
coating of the NaYbF4 shells (Figure 3.4a-f). Luminescence spectra of the particles 
showed that the green emission peak at 542 nm, first increased with increasing 
thickness of the NaYbF4 shell before reaching its peak intensity at a shell/core ratio 
of 1.3:1, and then decreased with further increment in the NaYbF4 shell thickness 
(Figure 3.4g). The emission intensity ratio of the green peak at 542 nm and red peak 
at 657 nm increased with increasing shell/core ratio, while the integration 
 
Figure 3.4 Energy transfer from shell to core in core-shell UCNPs with different 
shell thickness. TEM images of NaYF4:Er@NaYbF4 nanoparticles with 
increasing shell/core ratio, the shell/core ratio from a to f are 0.1:1, 0.5:1, 0.9:1, 
1.3:1, 1.7:1, and 2.1:1 respectively. Scale bar is 50 nm. Luminescence spectra 
(g) and integrated luminescence intensity and red/green emission intensity ratio 





luminescence intensity became plane after an increase with the shell thickness from 
0.1:0 to 1.3:0 shell/core ratio (Figure 3.4h). This indicates that the NaYbF4 shell 
not only serves as the energy pump that transfer energy to Er3+ in the core, but also 
shield the luminescence to some extent. 
Noticing the possibility of luminescence shielding by NaYbF4, another set of 
NaYF4:Er@NaYF4:Yb UCNPs of 1.3:1 shell/core ratio, but different doping 
concentrations of Yb3+ in the shell were prepared. It was noted that, with the 
decrease of Yb3+ in shell, the morphology of UCNPs changed from spherical to 
ellipsoidal, which has resulted from the anisotropic growth of the shell crystal with 
the increasing Y3+ concentration.17,19 The size of the set of UCNPs were similar, 
indicating the successive coating of the shell (Figure 3.5a-f). Luminescence 
intensity of the set of UCNPs first increased with decreased Yb3+ in shell, but 
 
Figure 3.5 Energy transfer from core to shell in the core-shell UCNPs with 
different Yb3+ concentration in the shell. TEM images of NaYF4:Er@NaYbxY1-
xF4 nanoparticles in increasing Yb concentration in shell, Yb concentration from 
a to f are 2%, 6%, 10%, 20%, 40%, and 60% respectively. Scale bar is 50 nm. 
Luminescence spectra (g) and integrated Luminescence intensity and red/green 
emission intensity ratio (h) of NaYF4:Er@NaYbxY1-xF4 nanoparticles in 





decreased when the Yb3+ concentration decreased beyond 10% (Figure 3.5g, h). 
This again indicates the shielding effects of Yb3+ in the shell when doped in high 
concentrations. 
b) Energy transfer from core to shell in core-shell UCNPs 
A set of NaYF4:Yb@NaYF4:Er with different shell thickness was synthesized to 
study the energy transfer from core to shell. Considering that there is a size growth 
of the NaYF4:Yb core UCNPs as the Yb3+ concentration increases.20,21 To 
synthesize UCNPs with similar size to the size of core UCNPs in previous study 
for consistency, the Yb3+ concentration was fixed at 20% in the core. And Er3+ 
concentration was fixed at 2%. An anisotropic growth of the shell crystal was also 
observed due to the high concentration Y3+ concentration in the shell precursor. 
While a gradual increment in the size of the core-shell UCNPs with increasing 
shell/core ratio is obviously observed, which indicates the successful coating of the 
 
Figure 3.6 The effect of shell thickness on the energy transfer from core to shell. 
TEM images of NaYb0.2Y0.8F4@NaYF4:Er nanoparticles in increasing 
shell/core ratio, the shell/core ratio from a to f are 0:1, 0.5:1, 0.9:1, 1.3:1, 1.7:1, 
and 2.1:1 respectively. Scale bar is 50 nm. Luminescence spectra (g) and 
integrated luminescence intensity and red/green emission intensity ratio (h) of 





NaYF4:Er layer (Figure 3.6a-f). The luminescence intensity of the core-shell 
UCNPs, first increased rapidly with the increase of shell amount until shell/core 
ratio of 1.3:1, and after which, the luminescence increment became plane (Figure 
3.6g, h). Different from the NaYF4:Er@NaYbF4 series, whereby emission intensity 
increased or decreased differently among individual peaks, intensity of all the 
emission peaks in NaYF4:Yb@NaYF4:Er series changed similarly, when the 
shell/core ratio changd (Figure 3.6g). This indicate no obvious shield effect was 
observed in NaYF4:Yb@NaYF4:Er series UCNPs. 
Luminescence spectra of the NaYF4:Er@NaYF4:Yb and NaYF4:Yb@NaYF4:Er 
core-shell UCNPs were compared (the samples with best luminescence in each set), 
and the conventional homogenously doped NaYF4:Yb,Er UCNPs was used as a 
reference. The results show that NaYF4:Yb@NaYF4:Er, having the sensitizers 
constrained in the core, gives stronger luminescence, while the 











 NaYF4:20% Yb@1.3X(NaYF4:2% Er)
 NaYF4:20% Yb,2% Er
 NaYF4:2% Er@1.3X(NaYF4:10% Yb)
 
Figure 3.7 Comparison of the NaYF4:Er@NaYF4:Yb and 
NaYF4:Yb@NaYF4:Er core-shell UCNPs. Conventional homogenous doped 





NaYF4:Er@NaYF4:Yb, having sensitizers doped in the shell, gives weaker 
luminescence (Figure 3.7). 
Vast differences of upconversion luminescence performance between the two sets 
of UCNPs indicates the difference in energy transfer process across the samples 
(Figure 3.8). It has been reported that, in the upconversion energy transfer process, 
sensitizer Yb3+ ions not only play the role of energy pump transferring energy to 
activator Er3+ ions, but also accept energy from activators through cross-relaxations 
between activator and sensitizer, which is called back-energy-transfer (BET).20,22,23 
This BET consumes the activators’ energy, thus diminishes the upconversion 
luminescence, especially the green emission. Considering that the BET from Er3+ 
to Yb3+ involve the 4S3/2→4I13/2 transition in Er3+, which populates electron from 
green emitting state to the red intermediate state, red/green intensity ratio of the 
upconversion luminescence increases with the BET.20,24 
 
Figure 3.8 Energy diagram and schematic comparing the energy transfer in 





In NaYF4:Er@NaYF4:Yb UCNPs, with the increase of the shell thickness, on one 
hand, more energy is absorbed by the Yb3+ and consequently more of this energy 
gets transferred to Er3+ ions, resulting in an increment in the luminescence intensity. 
However, on the other hand, with the increase of shell thickness, BET also become 
stronger, which consumes energy of activators. Taken together, the total 
luminescence increased firstly and became plane afterwards. It also explains the 
increase of red/green ratio as the shell thickness increased (Figure 3.4h). The 
luminescence lifetime measurement confirmed it (Figure 3.9).25 Decay curve of 
NaYF4:Er@0.5×(NaYF4:100%Yb) with 0.5/1 shell/core ratio and 
NaYF4:Er@1.3×(NaYF4:100%Yb) with 1.3:1 shell/core ratio were obtained. The 
sample with thicker shell possesses a shorter green emission lifetime and a longer 
red emission lifetime, which indicate the 4S3/2→4I13/2 transition in Er3+ as the shell 
thickness increased, this in turn confirms the increasing BET as the shell thickness 
increased. 
Decrease of the Yb3+ concentration in the shell resulted in stronger upconversion 
luminescence, which is attributed to the decrease of BET that consumes less energy 
of activators. The red/green ratio also decreases with the decrease of Yb3+ 
concentration. This change of the energy transfer in UCNPs were examined by the 
luminescence lifetime measurement. Luminescence lifetime measurement were 
wildly used to characterize the energy transfer in organic fluorophores, inorganic 
crystals and their mixture composites.26-29 Jin et al. also confirmed the feasibility 
of the use luminescence lifetime accompanied with a system of rate equations to 




transfer procedures are similar in upconverting systems in principle, this 
measurement would reveal the information of each step of energy transfer in core-
 
 
Figure 3.9 Luminescence decays of the 4S3/2→4I15/2 and 4F9/2→4I15/2transitions 
of Er3+ in the NaYF4:Er@NaYF4:Yb and NaYF4:Yb@NaYF4:Er core-shell 
UCNPs. All samples were excited at 980 nm, and all the luminescence decay 





shell UCNPs. The luminescence lifetime measurement confirmed the decrease of 
BET when the Yb3+ concentration decreases (Figure 3.9), with noting the fact that 
green emission lifetime increases and red emission lifetime decreases with the 
decrease of Yb3+ concentration. 
The NaYF4:Yb@NaYF4:Er possess the longest green emission lifetime and the 
shortest red emission lifetime, which indicates that BET is significantly suppressed 
in the structure with sensitizer constrained in the core (Figure 3.9). This agrees well 
with the strong upconversion luminescence and small red/green ratio of the set of 
NaYF4:Yb@NaYF4:Er UCNPs. 
Taken together, these information demonstrate that NaYF4:Yb@NaYF4:Er 
structure, with sensitizer constrained in the core, is more preferable for fabricating 
UCNPs with stronger luminescence by suppressing the BET. These information 
were utilized to enhance and tune UCNPs luminescence by fabricating a novel 
structured core-shell UCNPs with sensitizer accumulated in the core. 
3.3.2 Luminescence enhancement of core-shell UCNPs by accumulating 
sensitizer in the core 
Based on the NaYF4:Yb@NaYF4:Er structure, with sensitizer constrained in the 
core, three steps were performed to enhance the luminescence intensity (Figure 
 
Figure 3.10 Schematic shows the enhance luminescence intensity in core-shell 





3.10). In the first step, concentration of sensitizer Yb3+ ion in the core was increased, 
so as to enhance the UCNPs’ ability in absorption of the excitation energy. In the 
second step, higher concentration of activator Er3+ ions was doped in the shell, so 
as to import more activators for the emission. In the third step, bridging sensitizer 
Yb3+ was doped in the shell, bringing sensitizers to the activators in a shorter 
distance, so as to enhance the energy transfer from sensitizers to activators. 
 
Figure 3.11 Enhancing luminescence intensity through the increase of Yb3+ 
concentration in the core. (a-d) TEM images show similar sizes of NaYbxY1-
xF4:Gd core. The Yb/Gd concentrations from a-d are 20/0, 30/15, 50/20, 70/25 
(Scale bar is 20 nm). Spectra (e) and intensity of blue and green emission (f) of 
NaYbxY1-xF4:Gd@NaYF4:Er nanoparticles with increasing Yb3+. (g) Energy 






a) Increase of Yb3+ concentration in the core 
To increase the Yb3+ concentration in the core, core UCNPs with higher Yb3+ needs 
to be prepared. While it has been reported that increasing concentration of Yb3+ 
increases particle size of UCNPs. However, considering that the size of UCNPs 
also affects their luminescence. To ensure consistency with previous study, Gd3+ 
was co-doped in the core, to keep the core similarly sized as previous samples. Gd3+ 
has been reported to tune UCNPs to a smaller size, which is the opposite effect on 
tuning the particle size compared to Yb3+. Thus by co-doping certain amount of 
Gd3+ in the core with increased Yb3+ concentration, the size of the core particles 
were kept constant. Moreover, it has been confirmed that Gd3+ doesn’t participate 
in the energy transfer between Yb3+ and Er3+, thus the co-doping Gd3+ doesn’t affect 
the energy transfer in our study. 
Core particles with four different Yb3+ concentrations, 20%, 30%, 50% and 70%, 
were synthesized. By co-doping with Gd3+, the sizes of the four core particles were 
kept the same (Figure 3.11a-d). It has been noted that, with the increasing 
concentration of Yb3+ in the core, the upconversion luminescence intensity were 
enhanced. A surprising increase of the blue peaks at 410 nm was observed, 
corresponding to the 2H9/2→4I15/2 transition in Er3+, which requires multiphoton 
upconverting energy transfer (Figure 3.11e, f).25,30 This is attributed to the high 
concentration of sensitizer, which significantly promotes the multi-step energy 
transfer from sensitizer to activators (Figure 3.11g). As a consequence, 





b) Increase of Er3+ concentration in the shell 
Hereafter, increasing Er3+ concentration in the shell was also performed based on 
the Yb3+ highly concentrated core with 70% Yb3+ doping. It has been noted that the 
green emission was increased when the Er3+ concentration increased from 2% to 6% 
and became plane from 6% to 14%. The blue emission increased gently as the Er3+ 
concentration increased in the shell (Figure 3.12). This is a vast contrast to the fact 
that in the conventional homogenous NaYF4:Yb,Er UCNPs, the optimal 
concentration of Er3+ is only 2%, and beyond which, severe BET occurs and 
concentration quenching diminishes the upconversion luminescence.15 This 
successfully in high concentrated activators doping, attributed to the 
NaYF4:Yb@NaYF4:Er structure that suppresses BET, thus allowing more 
activators to be doped without sacrificing of the luminescence intensity.  
 
 
Figure 3.12 Enhancing the luminescence intensity by increasing the 
concentration of activator in shell of core-shell UCNPs with sensitizer 
accumulated core. Spectra (left) and intensity of blue and green emissions (right) 
of NaYb0.7Y0.05F4:25%Gd@NaYF4:Er nanoparticles with increasing Er3+ 





c) Doping of bridging Yb3+ in the shell 
To further enhance the luminescence intensity of NaYF4:Yb@NaYF4:Er core-shell 
UCNPs, small amount of Yb3+ bridging ion was doped in the shell, to shorten the 
distance between sensitizer and activator. As a consequence, the energy transfer 
from sensitizer to activator was boosted, and the luminescence was thus enhanced. 
The luminescence spectra shows that the luminescence intensity first increased with 
Yb3+ concentration, while after reaching its maximum at the 6% doping 
concentration, the luminescence intensity decreased (Figure 3.13). This confirmed 
that small amount of bridging Yb3+ doped in the shell, enhanced the energy transfer 
process. However, it also introduced BET that consumes the upconversion 
luminescence at high doping concentration, considering that bridging Yb3+ and Er3+ 
were actually homogenously doped in the shell layer. Thus, a critical doping 
concentration of bridging Yb3+ was applied for the balance of enhancing energy 
transfer and minimizing deleterious BET. 
 
Figure 3.13 Enhancing the luminescence intensity by doping small amount 
bridging sensitizer in the shell of core-shell UCNPs with sensitizer accumulated 
core. Spectra (left) and intensity of blue and green emission (right) of 
NaYb0.7Y0.05F4:25%Gd@NaYF4:14%Er,x%Yb nanoparticles with small 





3.3.3 Luminescence tuning through energy migration in core-shell-shell 
UCNPs with sensitizer accumulated core 
Noticing that the NaYF4:Yb@NaYF4:Er with sensitizer accumulated core showed 
an exceptional ability in promoting the multi-photon upconversion luminescence. 
This structure is advantageous for the energy migration upconversion (EMU), 
which is an innovative method to tune the upconversion luminescence by importing 
new emission peaks. In EMU, sensitizer Yb3+ ions absorb excitation energy and 
transfer energy to accumulator Tm3+ ions. Through multiphoton upconverting 
process, Tm3+ ions accumulate these energy to a much higher energy state. 
Afterwards, Tm3+ ions transfer this energy to migrator Gd3+ ions, and then Gd3+ 
ions transfer energy to activator ions for the ultimate emission.10,31 However, to 
minimize BET, this method was hindered by the low concentration of doping ions, 
especially for the accumulator Tm3+ ions. Consequently, the intensity of newly 
imported peaks was usually low. By using core-shell UCNPs with sensitizer 
accumulated core, which suppresses the BET, concentration of the doping ions 
could be elevated. As a consequence, the energy transfer in energy migration 
upconversion is boosted, which eventually enhances the EMU luminescence. 
To achieve an effective EMU process, NaYF4:Yb@NaGdF4:Yb,Tm@NaGdF4:X 
(X=Tb, Eu) core-shell-shell UCNPs were synthesized. Sensitizer Yb3+ was 
accumulated in the core with a high concentration of 70%. Relatively high 
concentration of accumulator Tm3+ was doped in the middle layer, and co-doped 




doped with the activator Tb3+ or Eu3+ was coated on the surface. Gd3+ constructed 
the outer two layers and also served as the migrator (Figure 3.14a, b). 
Optimal concentration of accumulator Tm3+ ions, which plays a decisive role in the 
EMU, was first studied. Spectra of NaYF4:Yb@NaGdF4:Yb,Tm show that through 
 
Figure 3.14 Tuning emissions through energy emigration in core-shell-shell 
UCNPs with sensitizer accumulated core. Schematic (a) and energy diagram (b) 
shows tuning emissions through energy migration in core-shell-shell (X=Tb or 
Eu). (c) Spectra of NaYb0.7Y0.05F4:25%Gd@NaGdF4:Yb,Tm nanoparticles with 







this structure with sensitizer accumulated core, the optimal concentration of Tm3+ 
had been elevated to 2%, which is two times of the concentration of 1% used in 
conventional NaGdF4:Yb,Tm@NaGdF4:X (X=Tb, Eu) for EMU (Figure 
3.14c).10,31 This demonstrates the advantages of using this structure with a sensitizer 
accumulated core. Through coating an extra layer of NaGdF4:X (X=Tb, Eu) on the 
surface, new emission peaks (592 nm, 616 nm for Eu3+, and 489 nm, 544 nm for 
Tb3+) were obtained. The emission color was tuned from blue to magenta for Eu3+ 
and cyan for Tb3+ (Figure 3.14d). 
3.3.4 Application for cell labeling 
These multi-color UCNPs are applicable for multiplexed cell labeling and 
bioimaging. As a demonstration, we examined their feasibility of application in 
multiplex detection of two cell surface receptors, bone morphogenetic protein 
receptor type II (BMPR2) and platelet derived growth factor receptor α (PDGFRα), 
simultaneously on a single sample of a 3T3 fibroblast cell line. To achieve this, 
UCNPs with two different emission spectra 
(NaYb0.7Y0.05F4:25%Gd@NaYF4:Yb,Er core-shell UCNPs and 
NaYb0.7Y0.05F4:25%Gd@NaGdF4:Yb,Tm@NaGdF4:Eu core-shell-shell UCNPs) 
were selected. These two types of UCNPs were conjugated to anti-BMPR2 and 
anti-PDGFRα antibodies respectively, thus specifically targeting BMPR2 and 




We first examined the labeling specificity of the UCNPs on the 3T3 cell, by 
comparing the results of using NaYb0.7Y0.05F4:25%Gd@NaYF4:Yb,Er core-shell 
UCNPs conjugated/unconjugated with anti-BMPR2 antibody for cell labeling. The 
antibody conjugated and unconjugated UCNPs were separately incubated with 3T3 
cell under the same staining conditions and imaged at the same imaging conditions. 
As Figure 3.15 suggests, for UCNPs unconjugated with anti-BMPR2 antibody, 
there was no fluorescence signal in all of the three channels (blue, green and red). 
While for UCNPs conjugated with anti-BMPR2 antibody, they bound to their target 
in a specific manner and displayed upconversion luminescence in green and red 
channels (considering that NaYb0.7Y0.05F4:25%Gd@NaYF4:Yb,Er core-shell 
UCNPs gives green and red emission in its spectra). This result confirms the ability 
of UCNPs for specific cell labeling after conjugated with specified antibody. 
 
Figure 3.15 Confocal luminescence images anti-BMPR2 antibody 





To confirm these multi-color UCNPs’ possibility for multiplexed cell labeling, 
NaYb0.7Y0.05F4:25%Gd@NaGdF4:Yb,Tm@NaGdF4:Eu core-shell-shell UCNPs 
which possesses a different spectra was conjugated to anti-PDGFRα antibody. As 
can be seen in Figure 3.16, when separately incubated, both anti-BMPR2-UCNPs 
and anti-PDGFRα-UCNPs showed a good ability in specific cell labeling. When 
double incubating of 3T3 cell with the mixture of anti-BMPR2-UCNPs and anti-
PDGFRα-UCNPs, two visually resolvable colours of the upconversion 
 
Figure 3.16 Confocal luminescence images anti-BMPR2 antibody conjugated 





fluorescence were evident simultaneously in these cells, showing the spatially 
distinct distribution of BMPR2 and PDGFRα receptors on 3T3 cells. It verifies that 
these multi-color UCNPs are applicable for multiplexed cell labeling. 
3.4 Conclusion 
In conclusion, a study of the inter-layers energy transfer in NaYF4:Er@NaYF4:Yb 
and NaYF4:Yb@NaYF4:Er core-shell UCNPs has been performed. The results 
suggest that obvious BET occurs when Yb3+ was doped in the outer shell. While 
NaYF4:Yb@NaYF4:Er structure with sensitizer constrained in the core, effectively 
suppresses BET, and gives stronger upconversion luminescence. These information 
is useful for designing of core-shell UCNPs with controllable optical properties. 
Based on these information, luminescence of UCNPs has been enhanced and tuned 
by fabricating a novel structure with sensitizer accumulated in the core. These 
UCNPs with enhanced and tunable emission are promising for nil-autofluorescence 
background noise bioimaging and multiplex biodetection.  
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CHAPTER 4. SIZE AND LUMINESCENCE TUNING OF CORE AND 
CORE-SHELL UCNPS BY LUTETIUM DOPING 
4.1 Introduction 
In the previous chapter, it has been confirmed that fabricating core-shell 
UCNPs is an effective strategy to engineer the upconversion energy transfer, 
so as to enhance and tune the upconversion luminescence. However, this 
strategy was still hindered by the difficulty of coating very thick shell onto 
the core particles, especially when the core size is big. This limits the design 
of core-shell UCNPs with multiple layers and desired thickness. Another 
issue observed in the previous study involves the fabrication of core UCNPs 
with tunable size. Gd3+ has been used to tune the UCNPs to a smaller size 
without interfering with the upconversion energy transfer. Similarly, 
increasing Yb3+ concentration could also tune the size of UCNPs, but to the 
increasing direction. However, the upconversion energy transfer was also 
interfered, considering the fact that Yb3+ also act as the sensitizer in the 
upconversion energy transfer. To overcome these two difficulties, in this 
chapter, lutetium doping was used to tune the core UCNPs size in the increase 
direction without interfering with the energy transfer, and to coat shell with 
tremendous shell thickness onto big core UCNPs. 
Plenty of efforts have been devoted to engineer UCNPs with tunable size and 
luminescence characteristics according to the application they are being used 
in.1-4 The size of UCNPs is usually tuned by delicately manipulating the 
synthesis conditions (reaction temperature, solvent composition, and reaction 




rational doping of lanthanide ions has also been reported as an effective way 
to tune the size of UCNPs.1,4 Doping of various lanthanide ions with similar 
ionic radii into the NaYF4 nanocrystal has been proven to provide very 
effective host materials for UCNPs since they occupy the position of Yttrium 
(Y3+) in the crystal lattice. Whereas the small difference in radius between 
the doped ions and Y3+, will promote or delay the nucleation and phase 
transition of NaYF4 nanocrystals from cubic phase to hexagonal phase during 
synthesis.1 Generally, the hexagonal phase NaREF4 (RE-Rare Earth) is more 
thermodynamically stable than the cubic phase,7 and hence easier phase 
transition will promote nucleation. Moreover, the difference in radius 
between the doped ions and Y3+ will also affect the electron charge density 
on the nanoparticle surface, which determines the crystal growth rate. 
Through density functional theory (DFT) calculation, Liu et al. demonstrated 
that the electron charge density of the crystal surface increased after a larger 
Gadolinium (Gd3+) ion replaced the Y3+ ion in the NaYF4 crystal lattice. The 
increased electron charge density then repelled the negatively charged F- ions 
and suppressed the growth of the nanoparticles to produce nanoparticles of 
smaller size.1 On the contrary, when Y3+ is replaced by a smaller radius ion, 
the electron charge density on the surface of growing nanoparticle will 
decrease, thus resulting in more attraction of F- ion to the particle surface to 
form a larger sized UCNPs. Considering that Gd3+ also lacks energy levels 
that interfere with energy transfer in UCNPs, it has been the most commonly 




fluorescent properties.1,8,9 However, increasing the size of UCNPs by 
lanthanide doping, without changing their fluorescent properties has been 
met with very little success. Although it was reported that by increasing the 
concentration of Yb3+, with an ionic radius smaller than Y3+, the size of 
UCNPs grew.4,10 Yb3+ was also the sensitizer ion in the energy transfer 
process, whose concentration affected the fluorescent properties of UCNPs 
significantly. Moreover, due to back-energy transfer from activator ions to 
the sensitizer Yb3+ ions, increased Yb3+ concentration would not only change 
the ratio of peaks in the spectrum, but also decreased the upconversion 
efficiency. Thus, tuning the size of UCNPs in the increasing direction by 
rational doping is still very challenging. 
Fabricating core-shell UCNPs is another important strategy to increase the 
size and to tune the luminescence.2,11-16 The key point to fabricate core-shell 
structure is the separation of nucleation and growth, failure of which will lead 
to the formation of new nuclei that grows in to new core particles instead of 
forming the shell.17 Currently, two methods are generally used to fabricate 
core-shell UCNPs namely heating-up method14,18,19 and hot-injection 
method20-23.  In the heating-up method, the core nanoparticles are synthesized 
beforehand. When coating the shell, the core nanoparticles are introduced 
into the reaction solution containing the shell precursors, acting as the nuclei 
for the shell precursors to deposit and grow into the shell layer. In the hot-
injection method, shell precursors are first dissolved in high boiling solvents 




nanoparticles are synthesized in the hot reaction solution without cooling 
down, the high boiling point solvents containing the shell precursors are 
injected into the hot reaction solution. The shell precursors, which are the ion 
mononers21,23 or small sacrificial alpha-NaYF4 nanoparticles20,22 grow onto 
the core particles and form the shell layer in the growth process or Ostwald-
ripening process, respectively. Core-shell UCNPs with lots of different 
structures have been fabricated through the above methods, but the size of 
the core particles were usually less than 30 nm, and the shell thickness was 
usually less than 10 nm.14,19,21,22,24,25 It is still challenging to coat shell onto 
big core nanoparticles with tremendous shell thickness. In the previous 
attempts, NaYF4 or NaGdF4, were chosen as the shell precursors to ensure 
the efficient photo-upconverting process in the shell host. However, NaYF4 
and NaGdF4 easily formed new nuclei when added into the reactions, rather 
than deposit and form shell onto the already-made core particles, especially 
when the core particles were big in size, having smaller surface-to-volume 
ratio and less surface defects for shell precursors to deposit. Thus, the 
concentration of the shell precursors should be kept low to avoid the 
nucleation process, but this in-turn limited the thickness of the shell. Hence, 
the coating of shells with tremendous thickness also remains an unsolved 
problem to date. 
In this chapter, we demonstrate a promising solution to the two major 
problems mentioned above to produce core and core-shell UCNPs with larger 




for doping in UCNPs core to increase their size and for coating shells of 
tremendous thicknesses onto the UCNPs core. This methodology enables the 
efficient increase of the size of UCNPs and also enhances their fluorescence 
emission characteristics significantly.  
Lutetium provides a promising solution to the problem of increasing the size 
of UCNPs by rational doping and coating shell with tremendous thickness 
onto big core UCNPs. Similar to Y3+, whose energy levels are simple and do 
not interfere with the energy transfer in upconversion, Lu3+ also does not have 
unpaired electrons in the 4f orbits, thus isolating  the energy transfer between 
the sensitizers and activators, thereby constitutes a perfect host material for 
UCNPs.26-32 Lu3+ has a smaller ionic  radius than Y3+. When forming NaREF4 
nanocrystal, the smaller ionic radius makes it more difficult to form stable 
hexagonal nucleus, thus suppressing the nucleation process. And when Y3+ 
is replaced by smaller Lu3+, the electron charge density on the surface of 
growing UCNPs decreases, allowing more attraction of F- ion to the particle 
surface, which promotes the growth process to form larger-sized UCNPs. 
This is desirable for making large nanoparticles and coating thick shells onto 




the size of UCNP core is studied for the first time. UCNPs with tunable size 
and constant emission peaks ratios were produced by doping different 
concentrations of Lu3+. As a proof of concept to show the advantages of 
NaLuF4 as a shell material, the effects of NaLuF4 and NaYF4 shell coating 
onto big NaYF4 core UCNPs with different core/shell ratios were compared 
using the heating-up method. 
 
Figure 4.1 (a) Schematic comparing the formation of NaYF4 and NaLuF4 
nanoparticles, and shell on core nanoparticle using LaMer model. (b) Diagram 
of energy transfer in NaYF4:Yb,Er UCNPs comparing tuning UCNPs size 





4.2 Materials and Methods 
4.2.1 Reagents 
YCl3•6H2O (99.9%), YbCl3 · 6H2O (99.9%), TmCl3 · 6H2O (99.99%), 
ErCl3 · 6H2O (99.9%), LuCl3 · 6H2O (99.99%), MnCl3 · 6H2O (98+%),  NaOH 
(98+%), NH4F (98+%), 1-octadecene (90%), and oleic acid (OA) (90 %) were 
purchased from Sigma-Aldrich and used as received without further purification. 
4.2.2 Synthesis of NaYF4:Yb,Er core UCNPs 
The NaYF4: 20%Yb, 2%Er nanoparticles were synthesized following 
protocols reported previously with modifications.33 0.78 mmol YCl3, 0.20 
mmol YbCl3 and 0.02 mmol ErCl3 were mixed with 6 mL oleic acid and 15 
mL 1-octadecene in a 100 mL flask. The solution was heated to 150 °C to 
form a homogenous solution, and then cooled down to room temperature. A 
solution of 4 mmol NH4F and 2.5 mmol NaOH in 10 mL of methanol was 
added into the flask and stirred for 30 min. Subsequently, the solution was 
heated to 100 °C to remove methanol. After methanol evaporated, the 
solution was heated to 300 °C and incubated at that temperature for 1 hour 
under an argon atmosphere and then cooled to room temperature. The UCNPs 
were precipitated with 20 mL of acetone, collected after centrifugation, then 
washed thrice with ethanol/water (1:1 v/v) and finally dispersed in 
cyclohexane for subsequent use. 
Core UCNPs with different Yb3+ concentrations were synthesized similar to 





4.2.3 Synthesis of NaY1-xLuxF4:Yb,Er core UCNPs  
NaYF4:Yb,Er UCNPs with different Lu3+ doping concentrations were 
synthesized similarly to the synthesis of NaYF4:Yb,Er core UCNPs with 
stoichiometric substitution of YCl3 with LuCl3. NaLuF4:Yb,Er and 
NaLuF4:Yb,Er,Mn UCNPs were also synthesized similarly by fully replacing 
YCl3 with LuCl3 and stoichiometric addition of lanthanide chloride, as well 
as extending the incubation time to 2 hours. 
4.2.4 Synthesis of NaYF4:Yb,Er@NaYF4:Yb,Tm core-shell UCNPs 
In a typical synthesis, 0.745 mmol YCl3, 0.25 mmol YbCl3 and 0.03 mmol TmCl3 
were mixed with 6 mL oleic acid and 15 mL 1-octadecene in a 100 mL flask. The 
solution was heated to 150 °C to form a homogenous solution, and then cooled 
down to room temperature. Solution of the NaYF4: Yb, Er core nanocrystals 
dispersed in cyclohexane that were obtained from previous step was added to the 
flask. The solution was maintained at 110 °C to remove the cyclohexane solvent 
and subsequently cooled down to room temperature. A solution of 4 mmol NH4F 
and 2.5 mmol NaOH in 10 mL of methanol was added into the flask and stirred for 
30 min. Subsequently, the solution was heated to 100 °C to remove methanol. After 
methanol evaporated, the solution was heated to 300 °C and incubated at that 
temperature for 1 hour under an argon atmosphere and then cooled to room 
temperature. The nanocrystals were precipitated with 10 mL of acetone, collected 
after centrifugation, then washed thrice with ethanol/water (1:1 v/v) and finally 




were synthesized similarly with the stoichiometric change of the amount of shell 
precursors added into the reaction. 
4.2.5 Synthesis of NaYF4:Yb,Er@NaLuF4:Yb,Tm core-shell UCNPs 
NaYF4:Yb,Er@NaLuF4:Yb,Tm core-shell UCNPs were synthesized similarly to 
the synthesis of NaYF4:Yb,Er@NaYF4:Yb,Tm core-shell UCNPs, with 
substitution of YCl3 in the precursor with LuCl3. UCNPs of different core-shell 
ratio was synthesized similarly with stoichiometric change of the amount of core 
particles added into the reaction and extension of incubation time. 
4.2.6 Characterizations 
Transmission electron microscopy (TEM) images of electron energy loss 
spectroscopy (EELS) line scans were recorded on a JEOL 2010F 
transmission electron microscope (Jeol Ltd., Tokyo, Japan) operating at an 
acceleration voltage of 200 kV. Luminescence spectra of UCNPs were 
recorded on a Hitachi F-500 fluorescence spectrophotometer (Hitachi High-
Technologies Corporation, Tokyo, Japan) equipped with an NIR continuous 
wave laser with emission at 980 nm (Photonitech (Asia) Pte. Ltd., Singapore). 
The power of laser used to produce the emission was 500 mW, and the 
corresponding power density was 10 W/cm2. The DLS size distribution 
statistics were measured with a Malvern zetasizer nano series (Malvern 
Instruments Ltd., Worcestershire, UK). Luminescent photograph of UCNPs 
under excitation of 980 nm continuous wave laser were taken with a 
commercial Canon 550D camera (Canon Inc., Tokyo, Japan) without any 




(Nikon Inc., Tokyo, Japan) specially fitted with a continuous wave 980 nm 
laser excitation source (Opto-Link Corp., Hong Kong) under 100 times 
magnification. 
4.3 Results and Discussion 
4.3.1 Size and luminescence tuning of NaY1-xLuxF4:Yb,Er core UCNPs by 
lutetium doping 
NaY1-xLuxF4:Yb,Er UCNPs doped with different concentrations of Lu3+ have 
been synthesized under the same experimental conditions, except for varying 
the doping concentration of Lu3+. Element analysis by ICP-AES 
demonstrates that the elemental composition of the synthesized NaY1-
xLuxF4:Yb,Er UCNPs generally agrees with the concentration of lanthanides 
in the raw materials (Table 4.1). XRD characterization of the UCNPs 
demonstrates that pure hexagonal phase were obtained in the NaY1-
xLuxF4:Yb,Er UCNPs with different concentration of Lu3+ doping. The XRD 
peaks sequentially shift towards high-angle as the Lu3+ concentration 
increased. This peak shifting confirms the shrinkage of the crystal lattice due 
NaY1-xLuxF4:Yb,Er Y(%) Lu(%) Yb(%) Er(%) 
x=0% Concentration in raw materials 78 0 20 2 ICP-AES measurement 79.73 0 18.06 2.21 
x=10% Concentration in raw materials 68 10 20 2 ICP-AES measurement 70.45 9.53 17.90 2.12 
x=20% Concentration in raw materials 58 20 20 2 ICP-AES measurement 61.03 18.85 18.01 2.11 
x=30% Concentration in raw materials 48 30 20 2 ICP-AES measurement 51.58 27.92 18.37 2.13 
x=50% Concentration in raw materials 28 50 20 2 ICP-AES measurement 33.75 44.43 19.50 2.32 
Table 4.1 Element analysis through ICP-AES of the UCNPs with different Lu3+ 
doping. The elemental content of the samples generally agree with the 





to the replacement of Y3+ by smaller radius Lu3+ (Figure 4.2). The size of 
UCNPs were characterized by TEM. As shown in Figure 4.3a-e, the size of 
UCNPs obtained were from 20 nm to 100 nm as the doping concentration of 
Lu3+ increased from 0% to 50%. As discussed above, this could be due to the 
increase in Lu3+ concentration, which suppressed the nucleation process and 
promoted the growth process, thereby resulting in larger nanoparticles. The 
size of the above samples measured by dynamic light scattering (DLS) is also 
given in Figure 4.3f and the trend agrees well with the size increment by Lu3+ 
doping as observed in the TEM images. It has been noted that the absolute 
size value measured by DLS is larger than that observed from a TEM image, 
since the former measures the hydrodynamic radius while the latter reflects 
the actual size of the nanoparticles. The luminescence spectra (Figure 4.3g) 
shows that the luminescence intensity increased as the concentration of Lu3+ 
increased. This is because, as the size of UCNPs increased, more sensitizer 
 
Figure 4.2 XRD patterns of NaY/LuF4: Yb, Er UCNPs doped with different 
concentrations of Lu3+. Standard XRD patterns of β-NaYF4 and β-NaLuF4 are 





and activator ions were isolated from the surface defects.34 While the red-to- 
green and blue-to-green ratios of the emission peaks still remained the same 
across the samples (Figure 4.3i). This confirms that Lu3+ doesn’t interfere 
with the energy transfer from Yb3+ to Er3+ or back energy transfer from Er3+ 
to Yb3+ (Figure 4.1). Thus, UCNPs with tunable size but similar fluorescent 
properties could be obtained effectively by Lu3+ doping. 
It worth noting that the luminescence enhancement in this study was achieved 
by the size growing of the nanoparticle, which resulted in smaller 
surface/volume ratio, and thus less surface defects.34 Other than the particle 
size, other factors such as surface passivation, host crystal and lanthanide ions 
concentrations also affects the upconversion luminescence.25,32,35,36 If applied 
together, luminescence of these Lu3+ doped UCNPs can be enhanced further. 
 
Figure 4.3 Tuning size of NaYF4:Yb,Er UCNPs by Lu3+ doping. a-e) TEM 
images of NaYF4:Yb,Er UCNPs doping with Lu3+ at different concentrations, 
0%, 10%, 20%, 30%, and 50%, from a to e, respectively; scale bar is 50 nm. f) 
Average sizes of the above samples measured by DLS. g) Luminescence spectra 
of NaYF4:Yb,Er UCNPs with different concentration of Lu3+ doping. h) 
Luminescence intensities ratios of blue/green and red/green in NaYF4:Yb,Er 





4.3.2 Size and luminescence tuning of NaYF4:Yb,Er@NaLuF4:Yb,Tm core-
shell UCNPs by lutetium shell coating 
Another attractive property of NaLuF4 is that it enables shell coating onto big core 
UCNPs with tremendous shell thickness. We first compared the coating of NaLuF4 
amd NaYF4 shell with 1:1 core/shell ratio onto big NaYF4 UCNPs under different 
incubation time. NaY0.5Yb0.5F4:Er core UCNPs with 50% Yb doping and the 
 
Figure 4.4 Comparing of NaYF4 and NaLuF4 shell coating onto core UCNPs 
under different incubation time. TEM image of core UCNPs (a), core-shell 
UCNPs with NaYF4 shell incubated for 1 hour (b) and 4 hours (c), core-shell 
UCNPs with NaLuF4 shell incubated for 1 hour (d); scale bar is 50 nm. Different 
activator ions, Er and Tm, are doped separately into core and shell, respectively 
(e). f) Luminescence spectra of core-shell UCNPs with NaYF4 or NaLuF4 shell 






diameter of around 40 nm (Figure 4.4a) were synthesized, which were bigger than 
the conventional NaYF4:Yb,Er UCNPs with 20% Yb doping and a diameter of 
around 20 nm, and also bigger than the core particles in previous studies on core-
shell UCNPs. The shell was coated onto the core UCNPs through the heating-up 
method, and incubated at 300 oC for 1 or 4 hours. At one hour incubation time, the 
NaYF4 shells were not fully coated onto the big core UCNPs, instead small new 
core particles were formed (Figure 4.4b). Only by extending the incubation time to 
4 hours through the Ostwald-ripening process, the small newly-formed core 
particles dissolved and grew onto the big core-shell particles forming the shell 
(Figure 4.4c). However, NaLuF4 were fully coated onto big core UCNPs without 
new nucleations, efficiently, within one hour incubation time (Figure 4.4d). As 
described above, this is due to the relative low stability of NaLuF4 nucleus, which 
suppressed the nucleation of the shell precursor, and the decreased electron charge 
density on the surface of the NaLuF4 coated nanoparticles, which promoted shell 
growth. The luminescence spectra (Figure 4.4f) also indicated that NaLuF4 is more 
preferable to use as the shell host than NaYF4, with stronger emissions from 
samples incubated for both 1 hour and 4 hours. To compare the lumincescence of 
shell host, the activator doped in the shell was different from that doped in the core, 
namely Tm3+ and Er3+ for the shell and core, respectively (Figure 4.4e). The Er 
emissions at 545 nm were almost equal across the samples, since the amount of the 
core UCNPs were the same. While the Tm emissions from NaLuF4:Yb,Tm shell 
were much stronger than that from NaYF4:Yb,Tm shell, indicating NaLuF4 is more 




samples made with longer incubation time. This might be attributed to enhanced 
crystal growth due to increased incubation time. 
Thicker shells have also been obtained by adding in more NaLuF4 shell 
precursor. By using NaLuF4 as the shell precursor, we successfully coated a 
shell with tremendous shell thickness at 1:5 and 1:10 core/shell ratio, and 
grew the size of nanoparticles from a 40 nm core, to 200 and 300 nm of core-
shell nanoparticles (Figure 4.5c,d). However, the coating of NaYF4 shell with 
1:5 and 1:10 core/shell ratio was not successful. The sizes of the nanoparticles 
were less than 70 nm, and instead of coating the shell, plenty of new core 
 
Figure 4.5 Comparing of NaYF4 and NaLuF4 shell coating onto core UCNPs 
with different core/shell ratio. TEM image of core-shell UCNPs with NaYF4 
shell at 1:5 (a) and 1:10 (b) core/shell ratio, core-shell UCNPs with NaLuF4 
shell at 1:5 (c) and 1:10 (d) core/shell ratio; e) EELS line scan conducted with 
TEM image on a NaYF4:Yb,Er@NaLuF4:Yb,Tm nanoparticle with 1:5 
core/shell ratio; scale bar is 100 nm. f) Luminescence spectra of core-shell 
UCNPs with NaYF4 or NaLuF4 shell with different core/shell ratio; Er and Tm 
are doped in core and shell, respectively. g) Luminescent photographs of the 





nanoparticles were formed, which were bigger than the newly-formed 
particles with 1:1 core/shell ratio coating, and could not be dissolved despite 
extending incubation time to 4 hours (Figure 4.5a,b). It has been noticed that 
the size of the newly-formed particles were around 30 nm, which was as big 
as the core nanoparticles synthesized conventionally without adding the 
prepared core UCNPs, thus indicating that the spontaneous nucleation of the 
NaYF4 shell precursor significantly surpassed the deposition and shell growth 
onto the prepared core UCNPs. However, under the same core/shell ratio and 
reaction conditions, NaLuF4 completely grew as the shell onto the prepared 
core UCNPs, without any new core particles being formed (Figure 4.5c,d). 
The line scan element analysis shows that an obvious core-shell structure was 
formed, as demonstrated by the higher Lu3+ concentration in the peripheral 
region, with Y3+ being constrained in the central region of the crystal, which 
confirmed that NaLuF4 is an ideal material for NaREF4 UCNPs shell coating 
(Figure 4.5e). The luminescence intensity of the core-shell nanoparticles 
increased as the thickness of the shell increased (Figure 4.5f). However, we 
observed that the Tm emissions of the NaYF4 shell with 1:5 and 1:10 
core/shell ratio was surprisingly equivalent to the emission of NaLuF4 shell 
with 1:1 core/shell ratio, while the emissions of the NaLuF4 shell with 1:5 
core/shell ratio were significantly stronger and became even stronger with 
1:10 core/shell ratio. This not only revealed a way to enhance the 
luminescence intensity of the nanoparticles by shell coating, but also 




wide range. By coating a luminescent shell (with different emissions from 
the core) with different thickness and using the luminescence of the core as a 
constant reference, ratiometric differentiable optical codes could be produced 
in a large number, owing to the feasibility of shell coating with tremendous 
thickness. 
We also tested coating a NaLuF4 shell onto an even bigger core hexagonal 
nanoplate with the diameter of around 100 × 60 nm (Figure 4.6a). NaLuF4 shell 
with 1:5 and 1:10 core/shell ratio could still be successfully coated onto the bigger 
core. This was confirmed by TEM and DLS measurements (Figure 4.6b-d). The 
luminescence intensity of the shell increased with the thickness of the shell (Figure 
4.6e). 
 
Figure 4.6 Coating NaLuF4 shell onto bigger core UCNPs. TEM image of core 
UCNPs (a), core-shell UCNPs with NaLuF4 shell with 1:5 (b) and 1:10 (c) 
core/shell ratio; scale bar is 200 nm. d) Average size of the above samples 
measured by DLS. e) Luminescence spectra of the above samples; Er3+ and 





4.3.3 Large size UCNPs for visualization under fluorescence microscope 
The ability of increasing UCNPs size by Lu3+ doping can be used for the production 
of sub-micron UCNPs whereby luminescence can be directly distinguished and 
identified under a fluorescence microscope. This may facilitate ease of detection or 
decoding of the optical signal from these multi-color UCNPs. Due to the Abbe 
diffraction limit in optical microscope, items smaller than 200 nm in dimension is 
not distinguishable by optical microscope. Conventionally, NaYF4 UCNPs are 
within the size of 10 – 100 nm. If two adjacent UCNPs emitting different colors 
were observed under a fluorescent microscope, their individual emissions will be 
indistinguishable and appear as one intermediate color. In contrast, sub-micron 
UCNPs bigger than 200 nm can be easily identified from each other under 
fluorescent microscope. 
 
Figure 4.7 Fluorescent microscope differentiable UCNPs. Scale bar is 200 nm 





As a proof of concept, sub-micron NaLuF4:Yb,Er/Tm UCNPs of 400 nm and 
emitting green (for Er3+) or blue (for Tm3+) luminescence were prepared. 
Luminescent micrographs of these sub-micron UCNPs and conventional 20 nm 
NaYF4 UCNPs were taken (Figure 4.7). As expected, the small size NaYF4 UCNPs 
had an even luminescence distribution and single particle could not be identified. 
An intermediate color was observed based on the mixture of green and blue small 
NaYF4 UCNPs. On the other, green and blue single particles were distinguishable 
for the sub-micron NaLuF4 UCNPs, which did not merge as an intermediate color 
despite mixing (Figure 4.7).  
To obtain more sub-micron UCNPs optical codes, a core-shell structure was used 
to fabricate multi-color UCNPs. Taking advantage of the lutetium’s ability of 
coating thick shell onto big core UCNPs, multi-color shell with different thickness 
were successfully coated onto the core UCNPs and multi-color sub-micron core-
shell UCNPs were obtained. As can be seen, their emission colors differed from 






Figure 4.8 Fluorescence microscope differentiable UCNPs with multiple colors. 
Fluorescent micrograph of (a) NaLuF4:Yb,Er; (b) 
NaLuF4:Yb,Er@2×(NaLuF4:Yb,Tm); (c) NaLuF4:Yb,Er@4×(NaLuF4:Yb,Tm); (d) 
NaLuF4:Yb,Tm; (e) NaLuF4:Yb,Er,Mn; (f) NaLuF4:Yb,Er,Mn@3×(NaLuF4:Yb,Er); 
(g) NaLuF4:Yb,Er,Mn@3×(NaLuF4:Yb,Tm); and their mixture (h). Insertions are 
their corresponding luminescent photographs. Scale bar is 5 µm from a to g, and 20 






In conclusion, a strategy of coating shell with tremendous thickness onto big core 
UCNPs has been developed using NaLuF4 as shell material. The advantages of 
utilizing NaLuF4 for shell coating provide much more flexibility for engineering of 
UCNPs with desirable optical properties such as enhanced luminescence intensity, 
tunable emissions and excitations. This could lead to the fabrication of UCNPs with 
well designed core-shell structure with multiple layers and desired thickness. It has 
been demonstrated that doping Lu3+ in the core of UCNPs provided an efficient 
strategy for increasing the size of UCNPs without interfering with the upconversion 
energy transfer. This methodology of making big core and core-shell UCNPs was 
utilized to produced multi-color sub-micron UCNPs, whereby the optical signal 
could be easily distinguished and identified under fluorescence microscope, 
showing great potential for optical encoding. 
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CHAPTER 5. FABRICATING UCNP ENCODED MICRO-BEADS 
THROUGH HIGH-THROUGHPUT MICROFLUIDICS 
5.1 Introduction 
Multi-color UCNPs can be encapsulated into micro-beads to produce UCNP 
encoded micro-bead barcodes for optical encoding, providing an alternative to 
churn out a cocktail of UCNP combinations apart from the usual microscopic 
engineering of UCNPs itself described above. 
Bead-based multiplex assays has been attracting interest from wide range of areas 
including clinical diagnosis, environmental analysis and biochemical studies.1-4 
Compared to traditional planar microarrays, bead-based assays show advantage in 
the flexibility for change of the capture biomolecules on the substrates. They are 
capable of more sensitive detections considering their high surface-to-volume ratio, 
which allows the effective attachment of analyte to substrate. Additionally, bead-
based assays allow fast and high-throughput readout of the signals through several 
different techniques such as flow-cytometry, microfluidic immunoassays and bead-
based fiber-optic arrays.4,5 These beads are commonly encoded by the chemical, 
physical, electronic or optical properties of the incorporated nanoparticles that are 
easy to identify and quantify.   The incorporation of different types of nanoparticles 
into the same beads also provide a strategy to control the encoding properties by 
regulating of a collection of nanoparticles as an integration, rather than the 




For optical encoding, the fluorophores incorporated are usually organic dyes and 
quantum dots. As mentioned in chapter 2, there is a burgeoning need to develop 
UCNP encoded micro-beads for multiplex assays, considering their large anti-
Stokes shift emission bands with narrow distribution, excellent photo- and chemical 
stability, nil-background noise and low scattering of the NIR excitation. Currently, 
the incorporation of UCNPs with micro-beads has been achieved through the ex-
situ diffusion of UCNPs into swelled polystyrene beads followed by contraction of 
beads to retain the UCNPs.6,7 However, UCNPs were mostly located at the surface 
of the encoded beads, which resulted in poor uniformity of the luminescence 
distribution and more importantly, the blocking of surface that hinders surface-
functionalization. Moreover, the swelling method involves a laborious operating 
process and is time-consuming, which is unsuitable for large-scale production. 
Recently, in-situ encapsulation of UCNPs into micro-bars was achieved through 
stop-flow lithography.8 However, the barcode synthesized had a relative large size 
of 250 µm × 70 µm, limiting usage for bead-based multiplex assays. Additionally, 
it will be meaningful to simplify the complex techniques involved in engineering 
the interaction between UCNPs and hydrogel precursors, and in micro-rods 
preparation.  
Microfluidics, in which UCNPs encapsulated droplets are generated by co-flowing 
two immiscible fluids for droplet formation, provides a high-throughput, repeatable 
and uniform encapsulation strategy to produce UCNPs optical encoded micro-
beads for bead-based multiplex assays. As a relatively new technique, droplet 




encapsulation efficiency of the resulting hydrogel droplets. These hydrogel droplets 
consisted of composite UV sensitive monomers, which cross-link and solidify into 
micro-beads after UV radiation. To ensure uniformity distribution of UCNPs in the 
droplet and in the resulting micro-beads, hydrophobic UCNPs were surface 
modified with F127 to render them hydrophilic, which is an economical and 
practical method. The microfluidic encapsulation allowed multi-encapsulation of 
different types of UCNPs, which produced multi-color micro-beads with precise 
control. 
5.2 Materials and Methods 
5.2.1 Reagents 
Poly(ethylene glycol) diacrylate (PEGDA, average Mn 575), 2-Hydroxy-4’-(2-
hydroxyethoxy)-2-methylpropiophenone (photo-initiator, Aldrich), Pluronic® F-
127 were purchased from Sigma-Aldrich and used as received without further 
purification. HFE-7500 were purchased from 3M Company without further 
purification. Surfactant Pico-Surf™ 2 were purchased from Sphere Fluidics Ltd., 
(Cambridge, UK) without purification. 
5.2.2 Surface modification of UCNPs 
The hydrophobic UCNPs obtained previously were rendered to be hydrophilic 
using pluronic F127 for surface modification as described previously.9 Typically, 
4 mL cyclohexane containing 20 mg UCNPs were added to 4 mL 2% (w/v) F127 
water at room temperature. The mixture was stirred for 2 days to make the 
cyclohexane evaporate. The F127-coated UCNPs water solution was topped up to 




5.2.3 Fabrication of microfluidic device 
Microfluidic device was formed using poly(dimethylsiloxane) (PDMS) (Sylgard 
184, Dow Corning) and fabricated as described previously.10 Typically, the 
fabrication consists of three steps: (1) master fabrication, (2) PDMS curing, and (3) 
bonding of the PDMS microchannels onto the glass slide. First, an SU8 photoresist 
(SU8-2050, MicroChem) was patterned onto a silicon wafer to construct a positive 
master based on a photo-mask designed in AutoCAD. The master mold for the 
device contained channels that were 50 μm wide and 80 μm in height. The SU-8 
master was further treated with hexamethyldisilane (Sigma-Aldrich, Singapore) for 
20 min to prevent PDMS from adhering to the master. The hexamethyldisilane was 
evaporated and deposited onto the master in desiccators under a ~5 psi vacuum. 
Subsequently, PDMS with the curing agent (10:1 v/v) was thoroughly mixed and 
poured onto the master mold and degassed under a ~5 psi vacuum. The PDMS-
covered mold was then cured in an oven at 65°C for 4 hours, and the PDMS layer 
was subsequently cut and peeled from the master. Holes were punched through the 
end of the channel using a punch with an outer diameter of 1 mm. To form the 
hydrophobic surface for creating the droplet, a glass slide was coated with a thin 
layer of PDMS. The PDMS was diluted by adding hexane (1:1) and was coated 
onto the glass slide using a spin-coater. The coated glass was then placed into an 
oven at 65°C to dry. Finally, the PDMS channel and glass were treated with oxygen 
plasma in a plasma cleaner for 3 min and immediately bonded with each other. 
After being plasma bonded, the device was placed into an oven at 70°C for more 




5.2.4 Preparation of beads precursor 
The beads precursor solution containing of 60% F127-coated UCNPs water 
solution, 20% PEGDA, 20% photo-initiator ethanol solution. The F127-coated 
UCNPs water solution were mixed with PEGDA for 30 min under vigorous vortex. 
2-hydroxy-2-methylpropiophenone (photo-initiator) was dissolved in ethanol 
under 1:4 weight/volume ratio by vortex and sonication. The UCNPs and PEGDA 
water solution was mixed with the photo-initiator ethanol solution for 10 min under 
vigorous vortex. 
5.2.5 Preparation of UCNPs encapsulated beads 
Beads precursor was filled in a 1 mL syringe serving as the droplet fluid. HFE-7500 
containing 2% (w/w) Pico-Surf™ 2 (surfactant) was filled in a 1 mL syringe serving 
as the carrier fluid. The syringes were driven by syringe pumps and flowed through 
the microfluidic device at the flow rate of 1 µL/min and 10 µL/min for droplet fluid 
and carrier fluid respectively. The droplets were curing under 365 nm UV radiation 
(LED UV curing system with an output of 8 W/cm2, Uvata (Shanghai) Precision 
Optoelectronics Co. Ltd., China) while flowing along the broad channel (the 
exposure time was around 1 min). Afterwards, the cross-linked beads were 
collected in an Eppendorf tube and washed with isopropyl alcohol (IPA) for three 
times. Beads prepared under different flow rates were prepared similarly by 
changing the flow rate of carrier fluid in the range of 2 µL/min to 20 µL/min. 
5.2.6 Quantification of luminescence of micro-beads by ImageJ 
The luminescence of micro-beads were quantified using ImageJ (version 1.49) 




standardized parameters of laser intensity, gain, exposure time, magnification, and 
pinhole size. Highly diluted micro-beads solution was used for imaging under 
cytoviva microscope to ensure that every single bead was isolated and not interfered 
by other beads. To quantify luminescence of micro-beads using ImageJ, a region of 
interest (ROI) was drawn around the bead perimeter. Mean luminescence intensity 
values were measured using the standard plug-in by clicking the “Measure” 
command from the “Analyze” menu. After getting the mean luminescence of every 
single bead, these luminescence were normalized to their average, and analyzed to 
obtain their distribution and standard deviation. The luminescence of beads after 
soaking in PBS was also normalized to the average luminescence of original beads. 
5.2.7 UCNP encoded micro-bead based sandwich assay 
400 µL of 1000/mL UCNP encoded multi-color micro-beads were first incubated 
with 40 µg different types of antibodies (anti-C-reactive protein and anti-
Procalcitonin) in 1×PBS respectively. After overnight mixing and vortex, 
antibodies were conjugated onto the surface of micro-beads through physical 
absorption. The mixture was centrifuged at 1000 g for 1 min. Discard the 
supernatant and re-disperse the micro-beads in 400 µL of 1×PBS. Add 100 µL 5% 
bovine serum albumin (BSA) PBS solution into the micro-beads solution and 
incubate for 30 min. Wash and centrifuged at 1000 g for 1 min. Discard the 
supernatant and re-disperse the micro-beads in 400 µL of 1×PBS. Mix the two 
solution of micro-beads conjugated with different antibodies. Add in 40 µg of 
native human C-reactive protein and incubate for 30 min. Wash and centrifuge at 




µL of 1×PBS. Add in 40 µg of anti-C-reactive protein-FITC (Fluorescein 
isothiocyanate) and 40 µg anti-Procalcitonin-FITC and incubate for 30 min. After 
washing and re-dispersing in water, the mixture solution was transferred into a 
CytoCapture dish (square type (40-15), Miltenyi Biotec Asia Pacific Pte Ltd. 
Singapore) for imaging using a cytoviva microscope under the excitation of 980 
nm (for UCNPs) and 488 nm (for FITC). 
5.2.8 Characterizations 
Transmission electron microscopy (TEM) images were recorded on a JEOL 2010F 
transmission electron microscope (Jeol Ltd., Tokyo, Japan) operating at an 
acceleration voltage of 200 kV. Fluorescence spectra was recorded on a Hitachi F-
500 fluorescence spectrophotometer (Hitachi High-Technologies Corporation, 
Tokyo, Japan) equipped with a NIR continuous wave laser with emission at 980 
nm (Photonitech (Asia) Pte. Ltd., Singapore). The power of laser used to produce 
the emission was 500 mW, and the corresponding power density was 10 W/cm2. 
Fourier transform infrared (FTIR) was performed using IRPrestige-21 Fourier 
transform infrared spectrophotometer (Shimadzu Corp., Japan). The DLS size 
distribution statistics were measured with a Malvern zetasizer nano series (Malvern 
Instruments Ltd., Worcestershire, UK). Luminescent photograph of UCNPs under 
excitation of 980 nm continuous wave laser was taken with a commercial Canon 
550D camera (Canon Inc., Tokyo, Japan) without any filter. Luminescence 
micrograph was taken under a cytoviva microscope (Nikon Inc., Tokyo, Japan) 




Corp., Hong Kong). Droplet formation photograph was recorded under a zeiss 
optical microscope equipped with a high-speed camera. 
5.3 Results and Discussion 
5.3.1 Hydrophilic surface modification of UCNPs 
To encapsulate UCNPs into the PEG micro-beads, the hydrophobic UCNPs require 
surface modification to render them hydrophilic, so as to ensure a uniform 
distribution in the PEGDA hydrogel precursor and in the final product of PEG 
micro-beads. Initially, the hydrophilic surface modification was done by coating a 
layer of silica on the UCNPs surface, which is a common and widely used technique. 
However, after encapsulating into the micro-beads, these UCNPs@SiO2 tended to 
aggregate, which resulted in a non-uniform luminescence distribution in the micro-
beads. This aggregation is possibly attributed to the absence of interaction between 
the inorganic UCNPs@SiO2 and the organic PEGDA precursor, which resulted in 
the deposit of UCNPs@SiO2 in micro-beads during the solidification of beads 
formation. To solve this problem, Pluronic F127 was selected for surface 
modification, instead of the silica coating. 
Pluronic F127 is a biocompatible and commercially available non-ionic triblock 
copolymer of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) 
(PEO-PPO-PEO). This amphiphilic copolymer consists of a hydrophobic PPO 
block in the centre and two hydrophilic PEO blocks on each side. The surface 
modification of grafting this amphiphilic copolymer onto the OA-capped UCNPs 
was performed through the hydrophobic–hydrophobic interaction between the PPO 




A cyclohexane solution of OA-capped UCNPs was mixed with an aqueous solution 
of F127. The subsequent vigorous stirring generated an oil-in-water microemulsion. 
The oil droplets in the microemulsion act as the templates to enable the assembly 
of F127 on UCNPs through the hydrophobic–hydrophobic interaction between 
PPO blocks and OA. Thus, after the evaporation of cyclohexane, the hydrophobic 
attraction makes F127 grafted on UCNPs, and the remaining PEO blocks spread 
towards the aqueous media, producing water-dispersible UCNPs (Figure 5.1a). The 
interdigitated hydrocarbon chains between PPO blocks and the OA on UCNP 
surface are thermodynamically stable. Thus, F127-capped UCNPs possess 
structural stability in water. Moreover, the PEO blocks on UCNP surface interact 
 
Figure 5.1 Surface modification of UCNPs with Pluronic F127. (a) Schematic 
shows the Pluronic F127 modification of UCNPs; TEM images of UCNPs 
before (b) and after (c) F127 modification (the scale bar is 200 nm); (d) FTIR 





with the PEGDA, which guarantees a uniform distribution in the hydrogel droplet 
as well as the solidified micro-beads. 
TEM images of the UCNPs demonstrate that there was no morphology changes 
before and after F127 modification, and the resulting F127-capped UCNPs 
dispersed well in water without aggregation (Figure 5.1b). FTIR confirms the 
successful F127 modification on UCNPs (Figure 5.1c). Before F127 grafting, OA-
capped UCNPs possessed the absorption peaks at 1705, 1553 and 1458 cm-1, which 
are assigned to the stretching vibration of C=O of the carboxyl, the asymmetric and 
symmetric stretching vibrations of the carboxylic group of OA, respectively. After 
F127 grafting, these characteristic peaks were preserved. Meanwhile, the peaks at 
842 and 1112 cm-1, assigned to the stretching vibration of C–O–C, and the peaks at 
1289 and 1344 cm-1, assigned to the bending vibration of C–H, were observed. 
These results indicate the existence of PEO blocks on UCNPs, and therefore the 
successful grafting of F127 on UCNPs. 
UCNPs of different sizes were also successfully modified with F127, and remained 
monodispersed in aqueous solutions (Figure 5.2a-d). The luminescence intensity 
increased as the size of the UCNPs increase when dispersed in both cyclohexane 
and water (Figure 5.2e-g). It is worth noting that the luminescence of UCNPs 
showed a more obvious size dependent property in water solution. This is because 
the surface quenching compounds abundant in water solution interacted with 
surface defects on UCNPs, which attenuated the upconversion luminescence. 
While UCNPs with bigger size possessed smaller surface-to-volume ratio, thus 




UCNPs less compared to smaller UCNPs. Prior to encapsulating UCNPs into 
micro-beads through microfluidics, we first tested the distribution of UCNPs in 
PEG beads made by vortex method. The results show that, a uniform distribution 
was obtained for the UCNPs with a size smaller than 100 nm, while, 500 nm 
 
Figure 5.2 Different sizes of UCNPs for encapsulation. TEM images of different 
size of UCNPs modified with Pluronic F127 (a-d, scale bar is 200 nm for a-c, 
and 500 nm for d). Luminescence spectra of different sizes of UCNPs in 
cyclohexane (e) and water (f), and their normalized luminescence intensity 
showing the luminescence intensity increases with size (g). (h-k) Fluorescent 
micrographs shows the distribution of UCNPs in vortex-made PEG micro-beads 






UCNPs showed a discrete distribution in PEG micro-beads (Figure 5.2h-k). This 
indicates that F127 showed a good ability in stabilizing UCNPs with size up to 100 
nm in the PEGDA hydrogel droplet and the PEG beads. However, for the sub-
micron UCNPs with the size of 500 nm, considering their relatively large size and 
weight, F127 cannot prevent it from deposit during the solidification of beads 
formation. To achieve a good luminescence intensity as well as uniform 
luminescence distribution in PEG micro-beads, 100 nm UCNPs were selected for 
encapsulation. 
The concentration of UCNPs for encapsulation was determined by measuring the 
concentration dependent luminescence spectra of F127-capped UCNPs. The results 
show that the luminescence of UCNPs increased linearly over the concentration, 
until the concentration reached 2.5 mg/mL. This is due to the severe diffraction of 
the excitation and emission light in the UCNP highly concentrated solution. To 
obtain the best luminescence efficiency, the concentration of UCNPs solution 
selected for encapsulation was 2.5 mg/mL. 
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Figure 5.3 Concentration dependent luminescence spectra of F127-capped 
UCNPs. Spectra of UCNPs with different concentrations in water solution (left) 
and their normalized luminescence intensity show the luminescence intensity 
(right). 





5.3.2 Production of micro-beads in microfluidics 
a)  Fabrication of microfluidic device 
The process for microfluidics fabrication of PEG micro-beads is shown in Figure 
5.4a. An aqueous solution containing UCNPs, PEGDA monomers and photo-
initiator was pumped into the device inlet and was broken into droplets via shearing 
through the continuous oil phase, which is the carrier fluid. The prepared droplets 
were solidified under UV radiation, which initiated the cross-linking of the PEGDA 
monomers with photo-initiator, thus forming the UCNPs encapsulated PEG micro-
beads. The microfluidic device used to produce PEGDA droplets was designed in 
AutoCAD and fabricated using PDMS (Figure 5.4b, c).  
b) Producing micro-beads through microfluidics 
Figure 5.5a shows droplet production at the nozzle part. The two oil phase streams 
flowed from counter directions and sheared the fluid inlet stream into droplets. The 
 
Figure 5.4 Fabrication of microfluidic device. (a) Schematic shows the working 
mechanism of the microfluidic device; (b) AutoCAD design of the microfluidic 





droplets were stabilized by the surfactant in the oil stream and were uniform 
throughout the fabrication process (Figure 5.5b). The droplets were exposed to UV 
radiation for 1 min, resulting in solidified PEG beads, which were uniform in size   
(Figure 5.5c, d).  
The size of the micro-beads produced through droplet microfluidics was influenced 
by several factors such as the viscosity and flow rate. To investigate the relationship 
between droplet size and flowrate, we tuned the flow rate of the oil stream from 2 
to 20 µL/min and obtained uniform micro-beads in the range of 25 to 50 µm for 
different oil flow rates (Figure 5.6). 
 
Figure 5.5 Fabrication of droplet and micro-beads using microfluidic device. 
Optical micrograph shows the production of droplet in microfluidic device (a, 
b) and the as prepared micro-beads under different magnifications (c, d). 






5.3.3 Production of UCNP encoded micro-beads through microfluidics 
a) Encapsulation of UCNPs into micro-beads through microfluidics 
F127-capped UCNPs have been successfully encapsulated into PEG micro-beads 
by flowing PEGDA hydrogel precursor containing UCNPs in the microfluidic 
device (Figure 5.8). Adding UCNPs in the PEGDA solution did not affect the size 
and shape uniformity of the droplet and the UV cured micro-beads. The hydrophilic 
F127-capped UCNPs possessed a uniform distribution in the micro-beads, thus 
resulting in the uniform luminescence in every single micro-bead. It has been notice 
that the luminescence intensity varies slightly between different beads, which was 
possibly caused by the different vertical position of the micro-beads. This 
 
Figure 5.6 Controlling the size of micro-beads by changing the flow rate of 
carrier fluid. (a) Optical micrographs show the droplet fabrication at different 
flow rates of carrier fluid (flow rate of carrier flow rate from upper to lower are 
2, 5, 10, and 20 µL/min, respectively; flow rate of droplet fluid are kept at 1 
µL/min). And the optical micrograph of their corresponding micro-beads (b). (c) 





difference in vertical position resulted in different focal plane for each bead, which 
caused slight variation in luminescence intensity. 
To check whether the UCNPs encapsulated micro-beads possess a uniform 
luminescence distribution across different micro-beads, luminescence micrograph 
of much diluted micro-beads solution was obtained so that every single bead was 
isolated from each other and can be focused separately. ImageJ was used to 
calculate the luminescence intensity of each micro-bead. Luminescence 
distribution of fifty micro-beads were analyzed. Representative luminescence 
micrographs of micro-beads were shown in Figure 5.8. The analysis of the 
luminescence of fifty micro-beads indicated a narrow luminescence distribution of 
 
Figure 5.7 Encapsulation of UCNPs into micro-beads. Optical and luminescent 






100.0 ± 2.9% (Figure 5.8), which demonstrates that the use of microfluidic device 
is an efficient method of achieving uniform encapsulation. 
b) Production of multi-color micro-beads through multiple encapsulations 
of UCNPs 
The color of the UCNP encapsulated micro-beads is tunable by multiple 
encapsulation of UCNPs with different emissions. Two PEGDA precursor 
solutions containing two types of UCNPs emitting green and blue light were added 
into the two inlets of the microfluidic device simultaneously.  The two types of 
UCNPs when mixed in the hydrogel droplet gave intermediate colors in the droplet 
and the as-prepared micro-beads. By changing the ratio of green and blue UCNPs 
from 1:0 to 0:1, UCNPs encapsulated micro-beads emitting green, several 
intermediate colors, and blue luminescence were obtained. Thus, enriched color 
coding for micro-beads was achieved (Figure 5.9).  
 
Figure 5.8 Representative luminescence micrographs of single micro-beads 








Figure 5.9 Multiple encapsulation of UCNPs into micro-beads. Optical and 
fluorescent micrographs of micro-beads encapsulated with F127 modified 
NaYF4:Yb,Er and NaYF4:Yb,Tm at the ratio of 1:0 (a, b), 0.75:0.25 (c, d), 





c) Stability of UCNP encoded micro-beads 
To validate the use of UCNP in biological applications, such as optical encoding of 
biomolecules and diagnostics, the stability of green and blue UCNPs co-
encapsulated micro-beads was investigated. Physical stability was tested by 
centrifuge of the micro-beads at a high speed of 8000 g for 30 min. Stability of 
micro-beads in physiological solutions was tested by soaking the micro-beads in 
1X PBS for 2 weeks. Optical and luminescence micrographs of the micro-beads 
before and after experiments were obtained, to monitor the morphology and 
luminescence of the micro-beads. 
Optical and luminescence micrograph showed that there was no obvious changes 
in morphology of the micro-beads before and after centrifugation, which indicates 
that the beads were solid in nature. The centrifugation process did not affect 
intensity and distribution of the luminescence and did not induce any separation 
between the two types of UCNPs encapsulated in micro-beads (Figure 5.10a, b). 
Soaking in PBS had no visible effect on the morphology and luminescence 
distribution of the micro-beads (Figure 5.10c). Monitoring of the luminescence 
 
Figure 5.10 Stability of UCNP encoded micro-beads. Representative optical and 
luminescence micrographs of original micro-beads (a), after centrifugation 
experiment (b) and after 14 days soaked in PBS (c). Monitoring of luminescence 





intensity of 50 micro-beads soaked in PBS for 14 days, demonstrate that 
luminescence intensity of the UCNP encoded micro-beads only slightly decreased 
over time, and preserved more than 90% of the luminescence intensity after 14 days 
soaking in PBS (Figure 5.10d), which indicates good stability of the as-prepared 
beads in physiological solutions. These results indicate that the as-prepared UCNP 
encoded PEG micro-beads are reliable optical codes for use in biological 
applications. 
5.3.4 UCNP encoded bead-based bio-detection 
The multi-color UCNP encoded micro-beads are applicable for multiplexed bio-
detection. As a demonstration, green and blue micro-beads were used to identify 
specific analyte in the mixture using the strategy of a sandwich assay. In the 
sandwich assay, blue and green micro-beads were conjugated with two capture 
antibodies (anti-C-reactive protein for blue and anti-Procalcitonin for green) 
respectively by physical absorption. After overnight mixing and vortex of the 
micro-beads and antibody, the remaining surface sites of micro-beads were blocked 
by bovine serum albumin (BSA). The two antibody-micro-beads were mixed 
together with a solution containing analyte native Human C-reactive protein and 
incubated for 30 min. After washing and re-dispersal in PBS, reporter antibodies 
conjugated with FITC (anti-C-reactive protein-FITC and anti-Procalcitonin-FITC) 
were added into the mixture and incubated for 30 min. After washing and re-
dispersal in water, the mixture solution was transferred into a cell capture dish, in 
which the micro-beads were separated from each other in grids, thus providing 




As shown in Figure 5.11, micro-beads were separated in the grids. Under the 980 
nm excitation, micro-beads gave blue or green emission, which helped to easily 
identify target analyte. While luminescence of FITC is only visible from the micro-
beads encoded with blue UCNPs. Which confirms that only blue micro-beads 
captured analyte in this sandwich assay. This agrees with the fact that only analyte 
native Human C-reactive protein was existing in this assay. It demonstrates that 
these multi-color UCNP encoded micro-beads is potential for multiplexed bio-
detections. 
It worth noting that although UCNP encoded micro-beads were demonstrated to be 
desirable for bio-detection, several issues are still pending resolving before its 
application for clinical usage. First, a versatile surface functionalization strategy is 
need for an easy binding of the target agents. This would make UCNPs optical 
codes capable for the detection of a variety of bio-markers, which is an appealing 
requirement for more reliable disease diagnosis. Second, a well-designed integrated 
 
Figure 5.11 UCNP luminescence micrograph and FITC luminescence 
micrograph show the UCNP encoded micro-bead based biodetection. Blue 
UCNP encoded micro-beads were conjugated with anti-C-reactive protein that 
captured C-reactive protein and the anti-C-reactive protein-FITC reporter, while 
green UCNP encoded micro-beads were conjugated with anti-Procalcitonin that 





diagnose platform is in need to make these UCNP optical codes more powerful. 
Considering the fact that the commercially available decoding facilities, such as 
microplate reader, are not designed for upconverting luminescent materials, the 
unique advantages of UCNPs are not fully applied in the current decoding 
procedures. Thus developing of a set of diagnose platform that exploited the unique 
advantages of UCNPs, such as no auto-fluorescence, large anti-Stokes shift, and 
tunable luminescence lifetime, would make UCNP optical codes more attractive 
for disease diagnosis. 
5.4 Conclusion 
In conclusion, an efficient strategy of UCNP encapsulation into micro-beads 
through microfluidics for production of UCNP encoded micro-bead barcode has 
been developed. This strategy certifies a uniform, repeatable and high-throughput 
encapsulation of UCNPs. Through multiple encapsulation of different types of 
UCNPs, multi-color micro-beads were prepared. These UCNP encoded micro-
beads showed good stability in high-speed centrifugation and in physiological 
solutions, indicating their reliability for usage in biological applications. 
Considering the advantages of encapsulated UCNPs, these UCNPs encoded micro-
bead barcodes are advantageous for optical encoding, which possesses wide 
applications in broad fields, such as medical diagnosis, environments technology 
and combinational chemistry.2,4,13,14 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORKS 
6.1 Conclusions 
The main aim of this thesis is to study the energy transfer in core-shell UCNPs, and 
to develop an advantageous strategy in fabrication core-shell UCNPs, so as to 
develop UCNPs with enhanced and tunable luminescence that are feasible for 
optical encoding. The aim also includes developing a strategy of encapsulating 
these UCNPs into micro-beads to fabricate UCNP encoded micro-bead barcodes 
with high-throughput and better controllability. It has been confirmed that 
fabricating core-shell UCNPs is an efficient strategy to engineer the upconversion 
energy transfer. By delicate arrangement of sensitizer and activator ions in a well-
designed core-shell structure, UCNPs with enhanced and tunable luminescence 
were achieved. The difficulty of coating shell with tremendous shell thickness onto 
big core UCNPs has been overcame by using NaLuF4 as shell material. This 
provided more flexibility to enhance and tune the luminescence of UCNPs by 
fabricating core-shell UCNPs with multiple layers and desirable thicknesses. The 
strategy to encapsulate UCNPs into micro-beads through microfluidics provided a 
reliable and high-throughput method to produce UCNP encoded micro-bead 
barcodes. 
Firstly, we studied the inter-layers energy transfer in the core-shell UCNPs with 
design of NaYF4:Er@NaYF4:Yb and NaYF4:Yb@NaYF4:Er core-shell UCNPs. 
Through this special design, we separated sensitizer and activator in different layers, 
thus getting rid of the interference of intra-layer energy transfer in previous 




ions have a strong influence on the energy transfer in core-shell UCNPs. And 
NaYF4:Yb@NaYF4:Er structure, with sensitizer constrained in the core, is 
preferable to fabricate UCNPs with stronger luminescence. Based on these 
information, a strategy of accumulating sensitizer in the core has been developed 
to enhance and to tune the upconversion luminescence. These UCNPs with 
enhanced and tunable luminescence have great potential for multiplex bioimaging 
and biodetections. The information obtained from the study on energy transfer, 
provides guidance for the future design of core-shell UCNPs with desirable optical 
properties.  
Secondly, we developed a novel strategy to overcome the difficulty of coating shell 
with tremendous shell thickness onto big core UCNPs by using NaLuF4 as shell 
material. It was found that the radii difference between Lu3+ and Y3+ brought 
significant effect on the nanoparticle formation. When Lu3+ replaced Y3+ in the 
reaction solution, nucleation process was suppressed and the growth process was 
promoted. This is advantageous for increasing the nanoparticle size and for growing 
of thicker shell onto core UCNPs. It was reported for the first time that through 
rational Lu3+ doping, size of core UCNPs was tuned in the increase direction, from 
20 nm to 100 nm. And through NaLuF4 coating, shell with tremendous thickness 
was coated onto big core UCNPs. Taking advantages of Lu3+, luminescence of 
core-shell UCNPs was enhanced and tuned in a wide range, which brought much 
more freedom for the production of UCNPs optical codes. And more significantly, 
the strategy of using NaLuF4 for coating shell with tremendous thickness is crucial 




multiple layers and desired thickness, which is an imminent necessity for various 
applications such as optical encoding, multiplexed biodetection, microarrays, and 
flow cytometry. 
Finally, an efficient strategy of in-situ encapsulation of UCNPs into micro-beads 
through microfluidics for production of UCNP encoded micro-bead barcode has 
been developed. This strategy certifies a uniform, repeatable and high-throughput 
encapsulation of UCNPs into micro-beads. Through multiple encapsulation of 
different types of UCNPs, multi-color micro-beads were prepared. These UCNP 
encoded micro-beads showed good stability in high-speed centrifugation and in 
physiological solutions, indicating their reliability for use in biological applications. 
Considering the advantages of UCNPs, these UCNP encoded micro-bead barcodes 
is advantageous for optical encoding, which possesses a wide range of applications 
in medical diagnosis, environments technology and combinational chemistry. 
Moreover, the economical and practical surface modification method, and the 
efficient encapsulation method developed here, pave the way not only for the 
production of UCNPs optical coders, but also for all the other kinds of inorganic 
nanoparticles incorporated with micro-beads in-situ. 
To summarize, we have obtained a better understanding in the energy transfer 
process in core-shell UCNPs, which provides guidance for us to develop UCNPs 
with enhanced and tunable upconversion luminescence through the strategy of 
accumulated sensitizer in the core. An advantageous shell coating strategy of using 
NaLuF4 as shell material was developed, which overcomes the difficulty of coating 




fabricating core-shell UCNPs with much more freedom. The strategy of 
encapsulating UCNPs into micro-beads through microfluidics, provides a reliable 
and high-throughput method to produce UCNP encoded micro-bead barcodes, 
which possesses a wide application in broad fields, such as medical diagnosis, 
environments technology and combinational chemistry. 
6.2 Prospective 
Through this thesis and through the literature review, we have demonstrated that 
UCNPs are revolutionary luminescent material for optical encoding and that several 
strategies are available for engineering UCNPs for optical encoding, especially by 
fabricating core-shell structure. Increasing efforts are being contributed to this area. 
However, there are still several aspects that requires more research attention, which 
may serve as future directions. 
For one, to enhance the quantum yield (QY) of UCNPs. The low luminescence 
intensity limits UCNPs applications, not only in optical encoding, but also in other 
fields like bioimaging, photoactivation, and photodynamic therapy. The QY of 
NaYF4 UCNPs, which is reportedly the most effective host for upconversion, is less 
than 3 %.3,4 Although several strategies have been proposed to enhance the 
luminescence intensity, including passive shell coating,5 energy harvesting shell 
coating,1,2,6 host selection,7-9 symmetry tuning,10,11 and excitation light source 
optimization,12-14  more works are definitely warranted. Recently, it was reported 
that a significant improvement in the QY to 7.6 % was achieved in LiLuF4:Yb,Tm 
core-shell UCNPs.15 Although this ideally will need to be confirmed, it encourages 




However, there is no doubt that a comprehensive understanding of the UCNP 
optical properties is required to come up with better arrangements of the lanthanide 
ions in these more efficient host materials in order to enhance its QY. 
Another solution is to develop more efficient strategies for engineering UCNPs for 
optical encoding. Although several strategies were developed to engineer UCNP 
properties, which were discussed in chapter 2, they are still fraught with their own 
problems. In homogeneous ion doping, for instance, cross-relaxations and BET 
which are used to tune the emission intensity ratio have inadvertently sacrificed the 
overall emission intensity of the UCNPs markedly, especially under high doping 
concentrations. On the other hand, in UCNP composites with dyes or QDs 
incorporated, the limitation lies in the instability of the optical properties or toxicity 
of the dyes/QDs themselves. Clearly, new strategies that can effectively do away 
with these deficits are needed to produce the ideal UCNPs optical codes. 
To develop the decoding instruments specially designed for UCNPs is another 
promising topic in UCNP optical encoding. Since UCNPs are still not widely 
commercialized and used mostly in laboratory settings only, the instruments that 
are compatible for their use are too few in numbers, especially those that are meant 
for decoding purpose. So far, two-photon microscope, custom-made NIR laser-
coupled microscope and NIR laser-coupled spectrometer are the main instruments 
available for characterizing UCNP optical properties. Though acceptable at the 
research level, these instruments that have been sometimes self-assembled in the 
laboratory, cannot provide the general standard for commercialization of UCNPs 




the fluorescent microplate reader that is routinely used for measuring dyes and QDs 
intensity. As for sophisticated instruments like the flow cytometer, it must be noted 
that more than simply coupling an additional NIR light source to the equipment, 
special software and hardware designs need to be integrated into the system before 
they are usable for UCNPs optical decoding, considering the unusual optical 
properties of UCNPs like tunable luminescent lifetime. The development of such 
UCNP-compatible instruments is foreseen to boost the research and 
commercialization of UCNP optical encoding. 
Use of UCNPs for optical encoding introduces unconventional parameters in both 
the temporal and spatial dimensions, which significantly enriches the strategies and 
code library for optical encoding. The nil-autofluorescence background noise and 
narrow distributions of the signals enable ultra-sensitive reading of the UCNP 
optical codes. Also, considering their excellent photo- and chemical stability, as 
well as flexibility in regulating their structure and optical properties, UCNPs 
present as revolutionary candidates for optical encoding. It is foreseeable that rising 
interests in the use of innovative UCNPs for optical encoding will carve out a niche 
in both the synthesis of UCNP optical codes as well as designing UCNP-compatible 
decoding instruments, which will open new opportunities in the field of life 
sciences, medical diagnosis, environments technologies and data security. 
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